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Abstract

This thesis presents the results of the search for the Standard Model Higgs boson
decay to a pair of bottom quarks, carried with data at \/s = 13 TeV collected with
the ATLAS detector at the LHC between 2015 and 2017.

The Standard Model Higgs boson - with a mass of my = 125 GeV - is expected to
decay to a pair of bottom quarks, also referred to as H — bb, more than half of the
times (58%). An experimental confirmation of this process is crucial to probe the
mechanism of quark mass generation of down type quarks and heavily constrain
the possibility of new physics in the Higgs sector.

The search has been carried selecting the Higgs boson produced in association with
a vector boson (VH), which ensures high background rejection thanks to the addi-
tional leptonic signatures in the final state.

The core of this thesis work is the analysis performed in 2018 with 80 fb~! of ATLAS
data. The analysis strategy, the event selection and the treatment of the systematic
uncertainties affecting the measurement are presented in details in the document.
The measured signal strength (o - BR/ 05y - BRsp) is p = 1.167078 (stat.) "0 35 (syst.),
while the significance of the measurement is 4.9 standard deviations (c) compared
to an expected significance of 4.3 standard deviations.

The sensitivity of the analysis has been enhanced combining this result with the
Run-1 analysis at 7 and 8 TeV, for a total of 105 fb~1. A total observed (expected)
significance of 4.9 (5.1) standard deviations has been obtained, with a signal strength
of u¥%; = 0.98752% = 0.98 £ 0.14(stat.) )17 (syst.).

The sensitivity to the VH production mode has been increased combining the
VH,H — bb Run-2 result with other Run-2 analyses sensitive to the VH produc-
tion mode. Fixing the branching ratios of each final state to its SM value, the overall
signal strength of the VH process is pyy = 1.137033 = 1.13 £ 0.15(stat.) 715 (syst.),
with an observed significance of 5.3 standard deviations, and an expected signifi-
cance of 4.8 standard deviations.

Similarly, the sensitivity to the H — bb decay has been enhanced by a combi-
nation with other Run-1 and Run-2 analyses sensitive to this decay channel. The
signal strength of the H — bb decay has been obtained fixing the production modes
to their SM predictions. The combined value is yg_,;, = 1.01£02 = 1.01 £
O.lZ(stat.)fgj%g(syst.), with an expected (observed) significance of 5.4 (5.5) standard
deviations.

Both combinations have a significance above the 5¢ threshold, meaning that for
the first time the VH production mode and the H — bb decay have been measured
with enough precision to claim their observation.

The thesis summarizes the main aspects of my contribution to the 2018 round
of this analysis and the next one, expected to be public for the end of 2019. Fur-
thermore, it also focuses on another aspect of my contribution in ATLAS during the
three years of PhD, which is the energy calibration of low energy electrons, used for
example in the H — 4/ analysis, with [/ — e~ ¢™ events.
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1  Introduction

Our knowledge of the fundamental particles in the Universe and their mutual
interactions in space and time is regulated by two main theoretical pillars: quan-
tum mechanics and special relativity. Together with general relativity, they form
a comprehensive framework able to explain the fundamental laws of the Universe
spanning over 40 orders of magnitude in spatial scale. This remarkable result has
been achieved in the last 150 years, with profound impacts on our perception of the
laws of nature.

The mathematical formalism used to describe the subnuclear interactions is the
Standard Model of particle physics (SM). The main peculiarity of the theory is that
the fundamental elements are not described as individual particles in the classical
sense, but as quantum fields. The fields are defined as operators of the spacetime
which allow to compute probability distributions, more than deterministic equa-
tions of motions, to reflect the probabilistic nature of quantum mechanics. The SM
particles are classified in bosons, which act as mediators of the interacting fields,
and fermions, divided into quarks and leptons, which represent the fundamental
building blocks of the known matter in the Universe.

The definition of fundamental particle evolved with time. Today quarks and lep-
tons are commonly recognized as the main constituents of matter, but only 150 years
ago such particles were not even theorized, and the atoms (literally "uncuttable’)
were considered as fundamental. The discoveries of the last 150 years completely
changed our idea of fundamental, lowering by 8 orders of magnitude what today is
referred to as constituent (atom: 1071 m — quark: < 1078 m).

The first breakthrough opening the era of subatomic physics has been the discovery
of the electron by ].J. Thomson in 1897 [1]. Then, the structure of the atom has been
first investigated by Rutherford [2], and later by several fixed target experiments
[3] [4]. Higher and higher energy and complexity have been achieved in the last
50 years, thanks to the remarkable developments in accelerator physics. A series
of increasingly complex machines at SLAC, FermiLab and later at CERN allowed to
study the subatomic scale in great detail, leading to the discovery of all the spectrum
of particles predicted by the SM.

The latest missing piece has been discovered in July 2012 by ATLAS and CMS [5]
[6], the two general-purpose experiments of the Large Hadron Collider (LHC) at
CERN, in Geneva. They claimed the observation of a scalar particle of mass around
125 GeV, compatible with the so-called Higgs boson and with the predictions from
electroweak precision measurements in the SM context. This particle plays a cru-
cial role in describing the mechanism of mass generation of all the particles in the
SM (including the Higgs boson itself), without breaking the gauge invariance of the
theory. In a nutshell, the fermions are expected to acquire mass thanks to their in-
teraction with the Higgs field, a scalar field carried by the Higgs boson, while the
massive bosons acquire their mass during the electroweak spontaneous symmetry
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breaking. Two mechanisms are thus at play: the Brout-Englert-Higgs mechanism [7]
[8] to explain the mass generation of the weak interaction massive carriers and the
Yukawa mechanism for quarks and leptons.

The discovery of July 2012 has been done using mostly the bosonic decay modes

of the Higgs boson (H — vy, H — ZZ and H — WW). The observed results are in
remarkable agreement with the expectations of the Brout-Englert-Higgs mechanism.
The same dataset collected during the first Run (Run-1) of LHC - between 2010 and
2012 - allowed for the measurement of the coupling with 7 leptons from H — 77
decays, made combining ATLAS and CMS analyses [9], which has been the first and
sole significant test of the Yukawa mechanism in Run-1.
One of the main goals of the second Run of LHC (Run-2) is thus to study the Higgs
boson coupling to the other particles of the fermion sector, to verify the predictions
or to identify possible deviations from the Yukawa theory. In this spirit, the first
significant test with Run-2 data came from the observation of the ttH production
mode by both ATLAS and CMS [10] [11], which for the first time probed the coupling
of the Higgs boson to top quarks with significant results.

After the top quark, the second heaviest quark of the Standard Model is the
bottom-quark (or beauty), with a mass around 5 GeV. The H — bb decay is kinemat-
ically allowed in the SM, and it represents the most direct way to access the coupling
between the Higgs boson and the down type quarks. The H — bb decay mode is pre-
dicted to have the highest branching ratio (58%) for my = 125 GeV. However, large
backgrounds from multi-jet production make this search very challenging at hadron
colliders. The most sensitive production modes for detecting H — bb decays are the
associate production of a Higgs boson and a W or Z boson (VH), since the leptonic
decay of the vector boson ensures an efficient triggering and a significant reduction
of the multi-jet background. This combination of production and decay mode, in
this work referred to as VH, H — bb, has the double advantage of probing both the
dominant decay of the Higgs boson, while providing the best sensitivity to the ZH
and WH production modes, which are important elements in the interpretation of
the Higgs boson properties.

This thesis represents a non-comprehensive summary of my three years of PhD,
from October 2016 to July 2019, mainly focused on this analysis. As a member of the
ATLAS collaboration at the LHC, I had the possibility to work on a variety of differ-
ent aspects covering hardware, performance and analysis. My direct contributions
are briefly listed below. More details will be given in the dedicated Chapters.

Analysis: My main contribution has been in the context of the VH, H — bb anal-
ysis, in which I have been actively involved since 2017. In total, I participated to
two rounds: the first iteration in 2018, which led to the observation of both the VH
and the H — bb processes and the second in 2019 (still not public) which aims at
interpreting the results in terms of a more precise formalism (Simplified Template
Cross Sections, "STXS" [12]). My interests spanned many aspects of the analysis. Re-
garding the multivariate analysis (MVA), I performed the retraining of the 1-lepton
BDT in both iterations, making optimization studies related to the tagging strategy
and the number of variables. Then, I have been an active member of the fitting team
which performed the statistical analysis for the publication. Among other tasks, I
have been directly responsible for the fit in the 1-lepton channel and the diboson
cross-check (all channels).

Furthermore, during these years I have always tried to make liaisons between
the developments in performance and the analysis. In this context, since the first
round of the analysis, I have been involved in the implementation and optimization
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of the statistical tagging, an alternative b-tagging technique which allows for a better
treatment of c- and light-jet dominated backgrounds. I had an active role in the im-
plementation of the statistical tagging used for the 2018 publication, and at the same
time I contributed to the development of the so-called hybrid tagging, which allows
the features of statistical tagging to be better exploited in the analysis. In prepara-
tion for the next publication, I developed new "efficiency maps" for hybrid tagging.
These "efficiency maps" are two-dimensional maps representing the building blocks
of statistical tagging.

Since 2018, I also started some studies to enhance the overall sensitivity of the MVA
by better exploiting the b-tagging information (+15% in expected significance for a
fit to the 1-lepton channel). To do that, I implemented a new version of the MVA
discriminant with additional variables related to b-tagging, and I contributed to the
implementation of the pseudo-continuous b-tagging working point in the analysis.

Flavour-tagging: As said before, my contributions to the flavour tagging work-
ing group have been transversal between analysis and performance. My active con-
tributions in flavour-tagging are mainly related to the statistical tagging, where I
actively contributed to the development and maintenance of the tool and I made
detailed studies to understand and solve the problems with the official efficiency
maps. Furthermore, I have been interested in linking pseudo-continuous working
point and statistical tagging, so I actively contributed to the development of a work-
ing version of the statistical tagging in the pseudo-continuous working point, which
had never been implemented in the official ATLAS framework before.

Electrons: I made my Qualification Task in the electron-photon working group,
where I performed the energy scale and resolution calibration of low energy elec-
trons using J /¢ — ee events. This independent check has been used to validate the
full ATLAS electron energy calibration chain, and it has been particularly useful in
the context of the H — 4/ analysis, which makes use of such low energy electrons.
This expertise has been useful also in the VH, H — bb working group, where I be-
came the Electron "Combined Performance" contact for 2 years.

Detector: I have been involved in two campaigns of shifts in the ATLAS control
room. The first in 2016-2017 being responsible for the Calorimeters Desk for a total
of 200 allocated hours. The second in 2018, being responsible for the Inner Detector
Desk for a total of 230 allocated hours.

Hardware and upgrades: I have been involved in test beams aiming at testing
the radiation hardness of the next generation of silicon detectors for the upgrade of
the ATLAS Inner Tracker. I participated at test beams at DESY and at CERN, where I
contributed in setting the test-beam setup, tuning sensors and reconstructing tracks
from test beam data.

This report is structured as follows: the theoretical framework is presented in
Chapter 2. The ATLAS detector is briefly described in Chapter 3, while the tech-
niques used to reconstruct and identify the object used in the analysis are described
in Chapter 4. Chapter 5 focuses on the flavour tagging algorithms, giving an overview
of the current methods used to perform jet tagging in ATLAS. The work performed
during my qualification task is presented in Chapter 6. The VH, H — bb analysis
and the combinations which allowed to claim the observation of the two processes
are presented in Chapter 7. And finally, Chapter 8 summarizes some improvements
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on the b-tagging side, developed for the future round of the analysis, expected at the
end of 2019.



2 | Theoretical framework

The Standard Model (SM) of particle physics is the theory describing our knowl-
edge of the Universe at the subnuclear scales in terms of physics of the fundamen-
tal interactions. It provides a unified description of the fundamental constituents of
matter and their interactions, mathematically formalizing the strong, weak, and elec-
tromagnetic forces in a single joint theory. Additionally, it incorporates a scalar term,
the so-called Higgs field, able to explain the mechanisms of particle mass-generation
for all the constituents included in the theory.

The SM has been extensively studied during the last 50 years, showing a remark-
able capability to predict the experimental observations at colliders with a high level
of precision. The discoveries of the Z and W bosons at the SPS [13, 14, 15] or the top
quark at the Tevatron by the CDF and DO experiments [16] [17] are just a few ex-
amples of particles which have been first theoretically predicted by the SM and only
later confirmed by an experimental evidence, which for the first time established
their existence and the values of their masses. The latest result giving further confir-
mation to the theory has been the observation of the Higgs boson at LHC in 2012 by
the ATLAS and CMS experiments [5, 6].

Despite the remarkable prediction power showed so far, several experimental in-
dications - from the subnuclear to the astrophysical scale - suggest that the standard
model could be just a limited part of a more fundamental theory. For example, the
baryon asymmetry in the universe, the smallness of the neutrino masses or the ori-
gin of the dark matter observed in the universe can only be explained adding extra
terms to the SM formalism. A large number of such extensions - also referred to as
Beyond the Standard Model (BSM) theories - has been developed in the last years,
like extra-dimensions or supersymmetric models but no experimental evidence has
yet confirmed one particular scenario.

The Higgs sector can be a powerful portal to answer some of these questions. The
dark matter candidates, for example, are expected to be massive, thus they could
interact with the Higgs field leaving both direct and indirect signatures detectable
by the experiments. A precise understanding of the mechanism of particle mass
generation, and its precise confirmation through experimental measurements, are
thus important phenomenological tools to probe the SM theory and constrain these
possible BSM scenarios.

The scope of this Chapter is to briefly discuss the theoretical framework used in
this thesis work, with particular attention to the Higgs sector. The second part of the
Chapter will be devoted to the Higgs searches at LHC, with some details about the
physics of proton-proton collisions, used to produce the data analyzed in this work.
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2.1 The Standard model Lagrangian

The mathematical formulation of the SM [18, 19, 20] is based on a renormaliz-
able quantum field theory !. The dynamic of a quantum field system can be written
in terms of a Lagrangian density £(x) (or simply Lagrangian) having dimension 4
in momentum-energy and a dependence on the space-time coordinate x. The form
of such Lagrangian is required to be invariant under a continuous group of local
transformations, called gauge transformations or gauge symmetries. The gauge in-
variance means that the physics of the system and the equation of motion remain
the same under the application of such transformations.

Most of the physics theories are described by lagrangians which remain invari-
ant only under transformations of the coordinate system applied identically to ev-
ery point of the space-time (global symmetries). The gauge symmetries generalize
this concept, requiring that the form of the Lagrangian remains invariant also under
transformations having a dependence on the space-time coordinate (local transfor-
mations). Intuitively, the concept of local symmetry allows for transformations in
limited regions of the space-time, without impacting the rest of the universe. This is
fundamental to satisfy the requirements of special relativity, for which no signal can
travel faster than the speed of light.

Fields are seen as operators that can create and destroy particles. The dynamic
of the constituents of matter in relativistic quantum field theory is represented by
four-component spinors (x), obeying the Dirac equation:

(7o —m)p(x) =0 (2.1)

with 7, the Dirac matrices and m the fermion mass. The equation of motion of these
particles can be derived from the Lagrangian, which can be written as:

L= (i —m)y, (2.2)

and interpreted as the Lagrangian describing the dynamic of a free non-interacting
fermion of mass m. A slightly more complicated - but also more physical - example
occurs when trying to write down the Lagrangian of the electromagnetic (EM) inter-
action, which involves fermions and electromagnetic fields. In its simplest version,
this Lagrangian should be able to describe at least the dynamic of free charged par-
ticles and free fields in space. Such Lagrangian can be written as the sum of a Dirac
term and an EM field, taken from the Maxwell equations [21]:

£ = limd" —mp— (FuF" 23)

with F,, = 9d,A, — d, A, the EM field strength tensor. The ¢ term describes non-
interacting spin 1/2 charged fermions, such as the electron and the positron, while
A, represents the spin 1 EM carrier, identified as the photon. The Lagrangian is
invariant under the global continuous symmetry:

P(x) = e“y(x) (2.4)
with « constant. This symmetry can be promoted to a local symmetry:

P(x) — e My(x). (2.5)

1. A quantum field theory is a theory where particles are associated to quantum fields depending
on the space-time coordinates.
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The gauge invariance of the Lagrangian under this transformation is obtained in-
troducing additional terms to the derivative of the free field equation in order to
cancel the non vanishing terms introduced by the transformation. In particular, the
derivative of the Dirac field must be changed into a covariant derivative as follows:

Dutp = (3 + ieAy)y (2.6)

with e the fermion electric charge and A, a vector field transforming as:

1

Substituting the derivative in equation 2.3 and expanding, the Lagrangian becomes:

o 1. ., _
Loep = Pli7d" —m)p — L FuF" —eAyipy'y 28)

This interacting Lagrangian contains again the free Lagrangians but with an addi-
tional term from the covariant derivative representing the interaction between two
Dirac spinors and the photon field. This is the mathematical expression of the EM
interaction vertex. This vertex and the other propagators can be visualized in terms
of Feynman diagrams [22] and used, for example, to build the electromagnetic inter-
action of two particles through the exchange of a photon, like in the case of Compton
scattering. This formulation of the EM interaction has been introduced by Feynman
in the first half of the 20th century and it is also known as Quantum Electrodynamics
(QED) [23].

Following Noether’s theorem [24], each symmetry of the Lagrangian is expected
to translate in a conserved physical quantity of the system. In QED, the gauge invari-
ance leads to the conservation of electric charge, which is a well known experimental
observation.

More generally, the Standard Model is based on the following symmetry group:

SU(3)c x SU(2), x U(1)y. (2.9)

The group can be divided into two main sub-groups: SU(3)¢, which is the group
of three-dimensional rotations in the colour space describing the colour symmetry of
strong interactions, and SU(2);, x U(1)y which are the gauge symmetries related to
the conservation of the weak isospin and hypercharge in the electro-weak interaction.
The full Lagrangian is the sum of the following pieces:

Lsym = Locp + Lew + LHiges + Lyukawa (2.10)

with Locp describing the strong interaction, also called Quantum Chromodynam-
ics, Lgw describing the electro-weak interactions and Lyijges + Lyukawa for the Higgs
sector. All these building blocks will be briefly discussed in the next Sections.

2.1.1 Fundamental particles

In the Standard Model, matter consists of three families of spin 1/2 fundamental
particles, called fermions, whereas the interactions are mediated by the exchange
of spin-1 carriers, called bosons. Additionally, the scalar Higgs boson interactions
with the elementary particles generate their masses. A scheme of this classification
is shown in Figure 2.1. Each family of fermions contains an up- and a down-type
quark, a charged lepton and a neutral lepton (neutrino). For every fermion, there
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is an anti-fermion with opposite charge. The three families are distinguished by the
mass of the particles, described in increasing order. Such mass difference between
fermion families spans several orders of magnitude and this hierarchy is still an open
question of particle physics.

Quarks are colour-charged particles divided in up- and down-types depending
on the carried electric charge: +2/3 for the up-type and -1/3 for the down-type. The
up-type quarks take their name from the up (), the first generation quark of this
type; the other two up-type quarks are the charm (c) and the top (t). In the same way,
the down-type quarks take their name from the down (d) quark, the first generation
quark with charge -1/3; the other two down-type quarks are the strange (s) and the
bottom (b). Quarks are the only particles that can interact through all the three forces.
The quark flavor is conserved in strong and electromagnetic interactions but not in
the weak ones. The matrix describing the transition between mass eigenstates and
the weak interaction eigenstates is the Cabibbo—-Kobayashi-Maskawa (CKM) matrix
[25, 26]. The CKM matrix is a unitary complex matrix that describes the transition
probability between the quark g and 4. This probability is proportional to |Vy.[%.
The highest V;, values are for quark-mixing within the same family (i.e. [Vip| ~ 1)
and they rapidly decrease when considering quark-mixing between different fam-
ilies, with the lowest values occurring for mixing between the first and the third
family (i.e. |V}4| ~ 0.0087) [20].

Leptons are fundamental particles interacting via the electroweak force. As said
before, leptons are divided in two categories depending on the electric charge: three
charged leptons - electron (e), muon () and tau (1) - carrying one unit of electric
charge, and three corresponding neutrinos (v, , v, vz), which are electrically neu-
tral. Both the u and the 7 leptons decay into lighter particles with decay times of
the order of 2.2 us and 2.9 x 103 s respectively. The decay time of the T is so short
that at LHC it can only be detected through its decay products. Leptons do not carry
colour-charge so they do not interact via the strong interaction; neutrinos are also
electrically neutral, so they can interact only via the weak force. The mass values
of the three neutrino eigenstates are not yet known, but the observation of the neu-
trino oscillations proves that these particles must be massive [27]. In particular, from
studies of the tritium B decay spectrum [28], their masses are expected to be below
O(1eV), so much lower compared to the charged leptons. The relation between
neutrino flavour eigenstates and mass eigenstates is given by the Pontecorvo-Maki-
Nagakawa-Sakata (PMNS) matrix [29, 30].

In the SM each force has its own set of vector bosons to mediate the interactions.
The electromagnetic interaction between charged particles is mediated by the pho-
ton, which is massless and neutral. The massive W1, W~ and Z bosons are the
mediators of the weak interaction: W and W~ carry +1 and -1 electric charge re-
spectively while the Z is neutral. The strong interaction is carried by eight massless
gluons; gluons themselves have colour charge and participate in the strong interac-
tion. Finally, the Higgs field is carried by the Higgs boson, which is a neutral massive
particle.

2.1.2 Quantum Chromodynamics

The Quantum Chromodynamics (QCD) is a non-abelian? gauge theory describ-
ing the strong interaction. It was developed after the quark model, to explain the
experimentally observed spectrum of hadrons. The charge of QCD is referred to as

2. A non-abelian gauge symmetry group is a gauge set of gauge transformations which do not obey
the commutative law.
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Three Generations
of Matter (Fermions)

mass—| 2.4 MeV/c’ 1.27 GeV/c
charge—| 24 % 4
U |%C
name— up charm

4.8 MeV/c 104 MeV/c 4.2 GeV/C
» | A A
=il Y Y
= ’
3 down strange bottom

<2.2 eV/c*

0

»Ve
electron
neutrino

0.511 MeV/c?
1

»E

electron

Gauge Bosons

Leptons

FIGURE 2.1 — Fermions and bosons in the Standard Model. fore the fermions: the three
families increase from left to right depending on the mass. Each family contains two
quarks and two leptons classified by the electric charge. The Higgs boson is not shown
(see Section 2.2.1.

colour (either red, green, or blue) and reflects an internal symmetry with a SU(3)
gauge group. The strong force is mediated by 8 gluons, massless colour-charged
particles interacting also among themselves due to the non-abelian structure of the
SU(3). group.

Two regimes can be distinguished depending on the energy scale. The pertur-
bative regime, which occurs at short distances (or high energies, E > Agcp ~ 200
MeV), when the interaction between quarks and gluons (partons) is small and the
particles are considered as asymptotically free. In this case the Feynman vertices of the
quark-gluon interaction are obtained using a method similar to the one described for
the QED case. As before, the free QCD Lagrangian is required to respect the local
gauge invariance:

— ed
ga(x) — el“(x)’/\qA(x) (2.11)

%
where g4 is the Dirac spinor describing a quark carrying colour A and A = A;...Ag
are the so-called Gell-Mann matrices, eight 3 x 3 traceless, hermitian matrices gener-
alizing the SU(2) Pauli matrices to an SU(3) theory. The QCD Lagrangian is there-
fore:

1 .
LQCD = —ZGfﬁGiﬁ + Z qA(Z’)/”DH — m)ABqB (2.12)
flavours

where Gfﬁ is the field strength tensor which is found from the gluon field A2,
Gip = duAf — IpAL — gsfAPC AL AG (2.13)

The indices A, B, C run over the colour degrees of freedom of the gluon fields. The
third term in Equation 2.13 is a non-Abelian term leading to the gluon tri-linear and
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quartic self-interactions, which distinguishes QCD from QED. The coupling con-
stant, gs, determines the strength of the interaction between coloured partons, and
FABC are the structure constants of the SU(3), colour group.

At lower energies the strength of the partonic interaction increases and the par-
ticles can not be considered as asymptotically free. In this case, the low energy
QCD regime takes place and a property called confinement appears, reflecting the
fact that in nature quarks are only observed as confined in colourless combinations
called hadrons. The potential energy between quarks at these energies is dominated
by V(r) « r, so increasing the separation between quarks (which is equivalent to
extract one quark from a hadron) becomes so energetically disfavorable that new
quark anti-quark pairs (and gluons) come from the vacuum to form new hadrons
with the original quarks. This process is called hadronization and explains why at
high energy colliders the quarks and gluons are only observed as hadronic jets in-
stead of single strongly interacting final state particles. Hadrons are divided into two
sub-categories depending on the number of quarks in the bound state: the mesons
are hadrons made out of a quark-antiquark pair, while baryons are composed of three
quarks.

2.1.3 The Electroweak unification

Sheldon Glashow [31], Steven Weinberg [32] and Abdus Salam [33] formulated
a unified theory capable to describe both the electromagnetic and the weak interac-
tion. The formalism of the electroweak interaction is based on local SU(2) x U(1)
gauge symmetry transformations.

Two types of weak interactions are observed in nature: the first ones to be discov-
ered were the charged current interactions, responsible for example for the § decays.
A pioneering mathematical description of these processes was already published
in 1934 by Fermi in terms of a non renormalisable contact interaction [34]. These
interactions involve only left-handed particles and are mediated by a charged W=
boson. The second type of weak interaction involves the so-called neutral currents,
which have been a puzzle of particle physics until the Glashow, Weinberg and Salam
(GWS) model published in the 1960’s. In these processes the flavour of the reacting
particles is conserved at the vertex, so the interaction must be mediated by a neutral
particle, predicted to be the Z boson.

Experimental observations from charged pion, muon and neutron decays proved
that the weak interaction is strongly related to the so-called chirality. The chirality
can be left-handed or right-handed, and it is related to an abstract concept deter-
mined by whether the particle transforms in a left- or right-handed representation
of the Poincaré group 3 [35]. The chirality projections are mathematically described
in the Lagrangian by the 7° Dirac matrix, which has eigenvalues +1. In particu-
lar, it has been proved that the weak interaction allows only for couplings between
left-handed particles and right-handed antiparticles. To mathematically formalize
this property, left handed and right handed particles are treated differently. The left
handed fermions are grouped in isospin 1/2 doublets, for example:

e u
(s )L (4 )L 214)

3. The chirality is related to the concept of helicity, which is calculated as the sign of the projection
of the spin vector on the momentum vector. Left helicity is negative, right helicity is positive. For
massless particles the two concepts coincide.
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while right handed particles form singlets.

Experimentally, the weak interaction preserves two quantities at the vertex: the
weak isospin (T) and the weak hypercharge (Y). The hypercharge is related to the
fermion electric charge (Q) and the weak isospin (T), and in particular to its third
component T3, following the Gell-Mann-Nishijima relation:

Y =2(Q—Ts). (2.15)

For the Noether’s theorem the two conserved quantities - Y and T - are related to
symmetries in the SM Lagrangian. In particular, the weak isospin rotation of the left
handed part can be parametrized by a non-abelian SU(2) transformation:

P = ( ¥ > STy, (2.16)
L

with 7(x) a vector of three real parameters and 7 the Pauli matrices.
The hypercharge transformation is just a local change of phase, which is repre-
sented by the U(1) group:

Pr g — PR (2.17)

with B(x) a real parameter. In order to preserve this SU(2) x U(1) local gauge in-
variance, four new vector fields must be introduced: one (B;,) for the U(1), and three
(W,; a=1,2,3 - two charged and one neutral) for the SU(2) group. In this way the co-
variant derivative becomes:

Dy = (3 — igWiT" — 2¢'B,Y) (2.18)

with T* the three components of the weak isospin and Y the operator of the weak
hypercharge.

The couplings between fermions and these new gauge bosons are obtained sub-
stituting this covariant derivative in the Dirac part of the free Lagrangian. The cou-
pling constants are denoted by g for the couplings with the W fields and g’ for the
couplings to By,.

Considering only massless particles, the full electroweak Lagrangian becomes:

. 1 1
Lew = §(iv,D")¢p — ;Wi Wa" — ;B B" (2.19)

where:
Wi, =0, W) — 9, Wi, — gf Wi, (2.20)
BY, =0,B, — 9,B, (2.21)

are the two tensor field strengths describing the three SU(2) vector fields Wy (a =
1,2,3) and the single vector field B, from the U(1) gauge invariance. The elec-
troweak unification is valid at high energies, where the B, and WZ can be considered
as massless particles. At low energies, the electroweak symmetry is spontaneously
broken and the electromagnetic and weak forces are decoupled. The weak bosons
(W%, Z) are observed to be massive, while the electromagnetic carrier (photon) is
massless. This can be obtained through the so-called Brout-Englert-Higgs mechanism,
explained in the next Section.
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2.2 Mass generation and the Higgs mechanism

As said before, the Lagrangian reported in Equation 2.19 describes massless par-
ticles, since adding mass terms would destroy the gauge invariance. However, this
scenario is highly in contradiction with the experimental observations, since both
fermions and weak bosons are observed to be massive. The mass problem has been
solved for both bosons and fermions. The weak bosons acquire mass thanks to the
Brout-Englert-Higgs mechanism, where the spontaneous symmetry breaking of the
SU(3)c x SU(2)r x U(1) to SU(3)c x U(1)g provides masses to the weak bosons,
while the photon remains massless, since it is associated to the residual U(1)g sym-
metry. Fermion masses are generated by Yukawa interaction terms with the Higgs
field.

2.21 The Brout-Englert-Higgs mechanism

The Brout-Englert-Higgs mechanism [7, 8], starts with the introduction of a new
complex scalar doublet field ® to the SM Lagrangian:

Liiges = (D'®)"(D,®@) — V(D) (2.22)

with a kinetic term invariant under SU(2) x U(1) symmetry (the covariant deriva-
tive has the same form as Equation 2.18) and V(®) the potential of the Higgs scalar
field, which can be written as:

V(®) = —12d'd + %(@*@)2 with @& = < ii ) (2.23)

It contains a mass-type term with constant > and a 4-® interaction term with cou-
pling constant A > 0. This second requirement is necessary to have a renormalizabe
theory. Depending on the values of y and A, the V(®) potential assumes differ-
ent shapes. If y> > 0 there is only one minimum corresponding to ®; = 0, while
if yz < 0 there are multiple ground states, which can be obtained minimizing the
potential:

V(D) R
o =0 = @ =v=y/ (2.24)

where v is the vacuum expectation value, determined thanks to its relation with the
mass of the W boson (see later) to be v = 246.22 GeV [20]. In this case the potential
assumes a so-called Mexican hat shape, as shown in Figure 2.2. In this case the
SU(2) x U(1) symmetry is spontaneously broken choosing the system to fall into
one of the multiple ground states, for example:

1 /0
%:\ﬁ(v)' (2.25)

Expanding around the ground state, and working in the unitary gauge Im® = 0 and
Re®' = 0), the field can be written as:

1 0
D(x) = - < ot h(x) > (2.26)



2.2. Mass generation and the Higgs mechanism 13

(@) 2 > 0. (b) 2 < 0.

FIGURE 2.2 - Effective potential of the Higgs field for different values of u. [36].

with /1(x) a real scalar field. Evaluating the kinetic term (D¥®)"(D,®) in ®y:

(D'@) (Du®) > LA L(W) — (WS + Lo? sy — B2 (227)

1 1
= Em%VWIjW”* + Emézyzf* + ... (2.28)

with Wff and Z, the observable gauge bosons, related to Wy and B, as:

1
W, = E(w; TW3) (2.29)
_ & 3
Zy _ CQS Ow sin By WH (2.30)
Ay sinfy  cosfy B,

where 0y is known as the Weinberg mixing angle experimentally measured to be
~ 30°. It can be expressed in terms of g and ¢’ as:

/

: _ 8
cos Oy = S (2.32)

The masses of the physical gauge bosons are related to the vacuum expectation
value and to the couplings g and g’ as follows:

2
/ . m

mwzgg and mz =
z

N <

As expected, there is no mass term for the A* field, so the photon remains massless.
The other terms in the expansion of the covariant derivative define the interaction
vertices between the Higgs scalar field /(x) and the observable gauge bosons:

2m? B m
Lyyn = =FW,; W h(x) + —2Z2"Z,h(x) (2.34)
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and
My s —u m
Lvvun = -5 W, W h(x)h(x) + ?Z”th(x)h(x). (2.35)

The vertices are composed by one (or two in Lyyyy) Higgs bosons and a couple
of massive gauge bosons. In both cases the coupling strength is proportional to the
squared mass of the gauge boson.

Redoing this expansion with the terms of the potential in Equation 2.23, the
Higgs Lagrangian becomes:

1 1 A 1
212 3_typa_ Lt 20 A a3 Lo
Ly = —puh” — Avh 4/\h 2mhh thh 4/\11 (2.36)
with:
my, = V2|u| = V2Av (2.37)

which is the mass of a scalar massive particle, the Higgs boson, identified as the
carrier of the Higgs field h(x). The Higgs boson itself interacts with the Higgs field
acquiring a mass related to the vacuum expectation value v. The Higgs boson mass
is not predicted by the SM and needs to be determined experimentally. The different
types of Higgs interaction vertices, including the self-coupling terms, are summa-
rized in Figure 2.3.

H H. H
AN m2 N m3
oo H= _3ila X = —di=z
/// e S
H H” ~H
(a) (b)
V!' VI‘ H

=
- 4
H ¥ 'm'tz' pLis .~ € "”"E 12
__.H—94 g . =2 2 4
-
v v AN
\Y V “H

(c) (d)

FIGURE 2.3 — Tree level interaction vertices of the Higgs boson arising from the Higgs
mechanism. a) and b) are the self couplings of the Higgs boson, described by the h3 and
h* terms in £y, while c) and d) describe the interaction terms with the gauge bosons W
and Z in EVVH and EVVHH‘

2.2.2 Yukawa coupling to the fermion sector

The mechanism used to explain how fermions acquire mass is based on the same
principles of the vector boson masses, but the formalism is slightly different. The
coupling between the fermion fields 1 and the scalar field ® is expressed by a
Yukawa interaction Lagrangian. For leptons it is expressed as:

ﬁYukawa = —/\ELCDER + h.c. (238)
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expanding around the Higgs field vacuum it is possible to obtain the fermion masses
and their coupling with the Higgs:

0 m
)\e eeH = - (239)

V2 v

In this way, the Yukawa coupling of the fermions to the Higgs boson is proportional
to their mass. The mechanism is analogous for quarks. The Yukawa theory allows
for one possible vertex at lowest perturbation order, as illustrated in Figure 2.4.

mg:_

¢
H - %

f

FIGURE 2.4 — The allowed tree level Higgs-to-fermion interaction vertex of the Yukawa
theory.

2.3 Cross sections and Decay rates

The mathematical descriptions showed in the previous Sections can be combined
to perform quantitative formulations of the dynamics of elementary particles. In
practice, this translates in the calculation of decay rates (I') and cross sections (o).
In both cases, the procedure involves two ingredients: the so-called amplitude of the
process, containing the dynamical information and the phase space available, which
is purely kinematic. The calculation of all reaction rates, so both decay fractions and
cross sections, follows the Fermi’s golden rule [37, 38], stating that the differential re-
action rate is proportional to the product of the phase space and the absolute square
of the amplitude terms, as will be shown later. The computation of the production
cross sections has an additional complication in case of hadron colliders. In fact, the
momentum of the colliding partons is not known a priori, and the calculation of the
exact kinematic phase space is not possible. To overcome this problem, the cross
sections are reweighted by functions describing the distribution of momenta of the
partons and integrated. More details are given in the next Sections.

2.3.1 Definition of cross section

The cross section of a process (¢), for example ij — k, represents the probability
for the initial particles to interact with each otherto produce a final state k. From the
Fermi’s golden rule the calculation of the total cross section of the two particles i and
j annihilating to produce the particle k can be written as:

Oijsk /dq’k’Mijﬁk‘z(q)k) (2.40)

with | M;;_k|*(®y) the transition amplitude squared proportional to the so-called ma-
trix element (squared), and d®j the phase space element. The matrix element (M)
includes the information of the particle propagators and the interaction vertices com-
puted from the Lagrangian. The matrix element is often calculated perturbatively
using Feynman diagrams.

In hadron colliders such as the LHC, the cross section calculation is complicated
by the composite nature of the colliding particles. Protons are composite objects
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FIGURE 2.5 — Parton distribution functions for a low energy scale of ~ 3 GeV (left) and
a higher one of 100 GeV (right) [42].

made of three valence quarks (#ud) and a sea of quarks and gluons. The energy is so
high that the real collisions happen directly between these sub-components, which
carry just a fraction of the total proton momentum. In particular, two types of par-
ton interactions occur simultaneously when two protons collide: the hard process,
in which two partons interact with large momentum transfer, and multiple low en-
ergy interactions of the other partons. These soft processes can be a source of QCD
background.

The fraction of longitudinal momentum of the partons taking part in the hard
interaction is unknown. This quantity is defined in a probabilistic way using the
so-called Parton Distribution Functions (PDFs): functions describing the distribu-
tion xf7(x, Q%) of the fraction x of the momentum of a parton i with respect to
the mother hadron A calculated at a certain Q? defined as the momentum transfer
squared, see Figure 2.5. Since the mathematical description of the confinement in
the low energy limit of QCD is not well understood, a full mathematical derivation
of hadron parton distributions does not yet exist; the PDFs are determined exper-
imentally, for example from Deep Inelastic Scatterings (DIS), at some energy scale
(depending on the process) and extrapolated at any other scale using the DGLAP
evolution equations [39, 40, 41].

Hadronic interaction cross sections can be calculated with the help of the QCD
factorization theorem. The QCD factorization theorem states that the hadronic cross
section c4p_,x (hadron A and hadron B collide to produce the final state k) is a con-
volution of the partonic cross section 51‘]41{ with the parton distribution functions

fi(x1) and fF (x2):
Oani = [ dxr [ dxa f (1, Q%) £F (32, Q%) @41)

Valence quarks have on average a higher momentum than sea quarks or gluons.
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With increasing momentum of the proton, the fraction of sea quarks and gluons in-
creases more than for the valence quarks. This has consequences for the production
of massive resonances at the LHC. For the Higgs boson for example, predictions and
observations confirm that the cross section for gluon fusion increases more than the
other channels when the center of mass energy increases (see Figure 2.9, right), be-
cause the probability to have sea gluons carrying the right fraction of momentum
increases.

2.3.2 Definition of decay width

The decay width of a process (I') is the probability per unit time that a given parti-
cle will decay. It has an inverse relation with the lifetime of the particle (T = 1/T'to).
The decay widths are calculated in the same way as the cross sections, following
the Fermi’s golden rule, but with substantial differences in the matrix element and
phase space calculations since initial and final states are reversed.

Usually, particles can decay into many possible final states. The calculations are
performed separately for each case and summed together to obtain the total decay
width of the particle. The probability for a particle to decay into a specific final state
X is related to the so-called Branching Ratio (BR). The BR is defined as the ratio of
the partial decay width of the specific final state over the total decay width of the

particle:

BR(H — X) = m (2.42)

2.3.3 Measurement of Higgs couplings

Experimentally, at hadron colliders isolating the decay width of the process from
the production cross section of the decaying particle is difficult, and it can be achieved
only making additional theoretical assumptions on one of the two processes. The ob-
served number of Higgs signal events for a certain production and decay mode at
LHC has a linear dependence with the corresponding ¢ - BR, with a proportional-
ity term depending on the integrated luminosity (see Section 3.1.1) and the signal
acceptance %. This quantity is strictly related to the Higgs coupling constants, since:

o % BR(ii — H — ff) ‘Trrff (2.43)
H
with 0;; the production cross section of the ii — H process, I's; the partial decay
width of the H — ff process, and I'y the total decay width.
In order to provide an easy comparison with the theoretical prediction, most of the
experimental measurements quote directly the ratio of the production cross section
and the decay BR over the SM prediction:

o - BR

= 2.44
0sm - BRspm (244)

H

this is called signal strength and it is usually referred to as p. This quantity will be
extensively used later in this work to quote the experimental results of the VH, H —
bb analysis.

4. This is true in case of narrow resonances like the Higgs boson. The broader the resonance, the
less Equation 2.43 is valid [20]
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2.4 The need for higher order corrections

The beauty of the SM consists in the fact that, thanks to the gauge invariance, the
dynamic of fermions and the related gauge field Lagrangians can be completely de-
termined by just a few parameters: the gauge couplings (gs, , ¢') the Higgs vacuum
(v), the Higgs self-coupling A and the mass of the fermions. In particular, as showed
in Equation 2.33, the properties of the weak bosons - in terms of mass, self-couplings
and interactions to other particles - are fully determined by just g, ¢’ and v°.

One powerful measurement performed to constrain these parameters is the pre-
cise estimation of the Weinberg mixing angle 0yy which, from the relation explicited
in Equation 2.33, is also expected to be related with the m3,/m? ratio. The elec-
troweak mixing angle is either expressed by the W and Z boson masses or by the
ratio of the vector and axial-vector couplings of the fermions, as described in Ref.
[43]. This second way of expressing the sin 6y is gives access to the effective weak
mixing angle, sgff’ ¢ since it is sensitive to the effective weak couplings of the fermion

f. This difference must be explicited as sgff, = kg sin? Oy, with k ¢ a form-factor to be
measured.
The most precise measurement of sgff, f for leptons comes from LEP/SLD [44]:

sZ¢, = 0.23153 £ 0.00016. (2.45)

with a precision of 0.08%. From Ref. [20], the most precise measurements of the
Z and W masses are My = 91.1876 £ 0.0021 GeV and My, = 80.379 £ 0.012 GeV,
which inserted in Equation 2.33 leads to a value of sin® fy:

3, = 0.22301 + 0.00027. (2.46)

The value extracted from the m?, /m? is several standard deviations away from
the first result which assessed the effective angle. This suggests that the simple re-
lation expressed in Equation 2.33, is not sufficient to explain the observed LEP re-
sults, and the approximation necessitates the inclusion of additional corrections, as
briefly discussed here. Such discrepancy is explained by the fact that the quoted re-
lation holds only in case of simple Feynman diagrams, also called tree level diagrams,
which do not account for the quantum fluctuations in the vacuum. The theoretical
SM predictions are remarkably improved when including the treatment of such fluc-
tuations, which manifest as additional radiative corrections to the tree-level process.
In practice, they enter in the Feynman diagrams as additional loops, or as emission
of additional soft particles (radiative case), like the ones shown in Figure 2.6. The
sgff, , variable has been chosen as example because it is particularly sensitive to these
corrections, which modify the vector and axial-vector couplings (as explained later)
and so the effective form factor ks when including the higher orders.

The computation of such additional corrections is not straightforward since it
leads to divergences in the calculation of the total reaction rates. Mathematically,
the loops enter as additional terms in the matrix element, which must be integrated
over all the possible momenta and particle-types, to account for all possible states
and all possible energies of the propagator. This can lead to infinite values of these
integrals at low or high energy values (named infrared or ultraviolet divergences
respectively), depending on the loop structure. Several different techniques have

5. Experimentally this is achieved by precisely measuring the following three parameters: «g, the
electromagnetic fine structure constant, Gr, the Fermi constant and m, the Z boson mass, which are
strictly related to these quantities.
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FIGURE 2.6 — Examples of NLO corrections in (top) loops and (bottom) as additional
radiation.

been developed to reabsorb the infinities in the redefinition of masses, fields, and
couplings for each level of divergence. The procedure is more generically named
renormalization, and more details can be found in Refs. [45] [46]. The additional
terms added during the renormalization to counterbalance the divergences have the
advantage to help in improving the tree-level approximations and the natural rela-
tions such as Equation 2.33, which are altered by these corrections.

The propagators inside the loop corrections are integrated over all the possible
existing particles (in the limits of the SM coupling rules), no matter their mass. This
implies that these loop corrections can give indirect access to the couplings to par-
ticles that are too heavy to be produced directly in the collider. This was largely
exploited at LEP and then at the Tevatron to infer indirect constraints on the Higgs
boson and top-quark masses before their discoveries [47].

Given the computational complexity of the loop corrections, the reaction rates
are never computed exactly, but just as perturbation expansions in the coupling con-
stants. In practice, the result comes as an asymptotic series of terms depending on
the coupling constant. At LHC usually the higher order corrections are computed
as a function of the strong coupling, since a5 > arw. For example, a generic cross
section calculation can be written as:

Ngco
c=al Y alA; (2.47)
i=0

where v is the lowest possible order of the strong coupling allowing the process,
while the terms in the sum with i > 0 are the higher order corrections, with A; the
factorized amplitude containing the physics of the process. The i = 0 term is the
Leading Order (LO) term, and usually it represents the tree-level process, the term
with i = 1 is the Next-To-Leading-Order (NLO) term, the i = 2 is the Next-To-Next-
to-Leading-Order (NNLO) and so on. The calculations beyond NLO are rapidly
growing in complexity, thus usually the processes are calculated at NLO or NNLO.
For some specific processes also the calculations at N3LO are available. The impact
of the agw higher order corrections represents a minor correction and is evaluated
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process by process.

The so-called "k-factor" (NLO/LO, NNLO/NLO, etc..) quantifies the changes
between two consecutive orders of calculation. For example, the addition of the
NLO corrections can change the value of the reaction rate by 10-20% or even more
depending on the process. The changes then asymptotically go to zero at higher
orders.

241 The parton model beyond the Leading Order

The computation of the reaction rates beyond the leading order is sensitive to
three main types of divergences: ultraviolet, when the divergence comes from the
integration region associated to high momenta circulating in the loop, infrared, when
the divergence is associated to the integration region of the momenta circulating in
the loop that tend to zero, and collinear divergences, which are associated to collinear
parton radiation. The infrared divergences cancel in virtual and real diagrams in the
inclusive cross section, so there is in principle no need to cure such infinities, but the
UV and collinear divergences need to be treated with renormalization techniques.
This introduces a dependence on two energy parameters, called renormalization
scale (1) and factorization scale (ur).

Renormalization scale: The main idea of the renormalization procedure, intro-
duced in the previous Section, is to add a series of counterterms to the Lagrangian to
exactly cancel the ultraviolet divergences introduced in the loops. In case of renor-
malizable theories (i.e. EW, QCD, QED) these counterterms can be obtained mod-
ifying the constant parameters of the Lagrangian (i.e. electric charges, masses and
couplings: eg, mp, go), which then assume a non trivial dependence on the energy
scale of the process. This energy scale is also called renormalization scale or simply
HR-

In practice, the quantities appearing in the Lagrangian formulation, also called bare
quantities of the theory, do not correspond to the physical quantities measured by the
experiments because they do not take into account the contributions of the vacuum
fluctuations. These constants are thus rewritten in terms of renormalized quantities
(ep — e, mg — m or go — &), which are the real measurable quantities of the theory.
This procedure adds an energy dependence to these quantities, which become run-
ning constants since their value varies with the energy of the process. For example,
considering only one-loop corrections, a generic renormalized coupling aren can be

written as: .

2\ _
OCren(,u ) — bO log(yz/Az)

with bp a constant depending on the theory, y the energy scale of the process (a.k.a.
the renormalization scale), and A a constant defining a momentum cutoff beyond
which the theory is not defined anymore (because & — o).

Intuitively, this parameter A sets an energy separation from what can be con-
sidered perturbation theory (and solved analytically) and what is not a case of in-
terest, because considered a long distance behaviour. In the case of QCD, A is an
infrared cutoff corresponding to ~ 200 MeV. This separation divides the two phys-
ical regimes of QCD: for y > A the coupling constant ¢ < 1 and the perturbation
theory holds (asymptotic freedom), while for y < A the coupling constant g ~ 1
and the confinement regime dominates. On the contrary, for QED A is an ultraviolet
cutoff, such that g < 1 for p < A. The evolution of the inverse of the three run-
ning couplings is shown in Figure 2.7: the electromagnetic constant increases with

(2.48)
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energy °, while both weak and strong coupling constants are expected to decrease.
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FIGURE 2.7 — Running coupling constants in the Standard Model. The three lines rep-
resents the inverse value of the coupling constant for the three fundamental forces as
a function of the energy of the process. Blue: electromagnetic force, dashed red: weak
interaction and green: strong force. Source: Nobel prize 2004.

Factorization scale: As described in Section 2.3.1, the calculation of cross sections

in hadron colliders can be factorized in hard scattering cross section and the contri-
bution of the parton distribution functions. This factorization is mainly introduced
to handle the higher order corrections. In fact, the hard scattering part isolates the
part remaining infrared finite, while the PDF part is characterized by non vanish-
ing infrared logarithmic divergences, arising from the possible collinear emission
of partons by the initial quarks. These contribution could be cancelled when sum-
ming all possible real and virtual diagrams of the process (this is true for example
for the final states, or for specific regions of the phase space, like in jets”), but for
the initial state this can not be true since the radiative case is clearly distinguishable
from the non-radiative case by the different momentum of the parton entering in
the hard scattering process. Such non-vanishing divergences are then reabsorbed in
the parton density functions, which are non-perturbative objects determined exper-
imentally.
In practice, this factorization scheme has the role to distinguish between which par-
tons are absorbed in the parton density functions and which are assigned to the hard
scattering. The division is made applying a cutoff at a certain energy, called factor-
ization scale (ur), to divide long term from short term physics. Intuitively, a parton
with transverse momentum lower than i is considered in the hadron structure and
absorbed in the PDF part, while partons with larger momenta are considered as
asymptotically free and included in the hard scattering process. Once the two con-
tributions are factorized, the collinear divergences are regulated using techniques
similar to the UV renormalization. The factorization theorem is however just an
approximation since there is always soft gluon interaction between two hadrons.

6. This phenomenon is explained by QED: when increasing the energy, the bare charge is less and
less screened from the vacuum fluctuations, so the strength of the coupling increases.

7. In case of jets the divergent contributions from the radiation around the hard parton are perfectly
canceled by the virtual contributions to have, in the end, a finite object probability.
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FIGURE 2.8 — Feynman diagrams for the four leading order Higgs production modes at
LHC.

2.5 Searching for the Higgs boson at the LHC

In July 2012, the discovery of a new boson by both ATLAS [5] and CMS [6] was
a crucial step in probing the mechanism of the electroweak symmetry breaking as
the last building block of the SM. This section introduces a more phenomenologi-
cal approach to study the Higgs boson physics at LHC, focusing on the detectable
production and decay modes. More detailed references about the Higgs boson pro-
duction modes and decay channels are given in Refs. [48, 49].

2.5.1 Higgs production modes at LHC

In proton-proton collisions at the LHC there are several possible Higgs boson
production modes, as summarized in Figure 2.9. They come from quark and gluon
initial collisions, and their Feynman diagrams are shown in Figure 2.8. The Higgs
boson can be also produced by lepton or photon initial states, exploited for example
in lepton colliders, but they will not be discussed here as their cross section is much
smaller.

Thanks to the large density of low momentum gluons inside the proton, the main
production mode at LHC is the gluon fusion (g¢ — H or shortly ggH, Figure 2.8a).
Since the Higgs boson coupling is proportional to the mass of the other particles, the
production is mainly mediated by a loop of heavy quarks (or vector bosons). The
ggH mode represents ~ 90% of the total Higgs production cross section.

The cross section for the second largest production mode, vector boson fusion
(VBF, Figure 2.8b and Figure 2.9), is about one order of magnitude smaller. This pro-
duction mode has a peculiar signature in the detector, since two jets in the forward
region (with opposite directions) are produced in addition to the Higgs boson de-
cay products. This feature helps in increasing the signal to background ratio in the
search for Higgs bosons.
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FIGURE 2.9 — Cross section of the Higgs production modes in pp colliders as a function
of the Higgs boson mass value (left) and the center of mass energy (right).

Two other processes contribute to Higgs boson production: the Higgsstrahlung
(Figure 2.8c) together with a W or Z boson and the associate production (figure 2.8d)
together with two heavy quarks (top or bottom quarks). Leptonic vector boson de-
cays and b-tagged jets from the top quark decays are helpful to identify these pro-
cesses although their cross sections are about two orders of magnitude smaller than
the one of the gluon fusion process. At the LHC Higgsstrahlung is suppressed, since
at a proton-proton collider the antiquark has to be a sea quark.

2.5.2 Higgs decay channels

The Higgs boson is an unstable particle decaying into other particles almost in-
stantly after it is produced. The only way to detect it is therefore through its decay
products. The Higgs boson can decay directly to pairs of fermions or vector bosons
or, through loop diagrams, to gluon pairs, photon pairs, or to a photon and Z boson.
As a general rule, the Higgs boson is more likely to decay into heavy fermions than
light fermions, since the strength of its interaction with particles is proportional to
the mass of the considered particle. The top mass is too large for a direct decay in a
tt pair (my = 125 GeV and m; = 172.5 GeV), so the dominating fermionic channels
are pairs of b-quarks and 7 leptons. The highest branching fraction, expected to be
~ 58%, is for a Higgs decay to a pair of bottom quarks, which is the decay chan-
nel targeted in this thesis work. More details are given in Chapter 7. The Higgs to
charm quark pair decay has a low branching ratio (~ 3%) and it suffers from large
contamination from QCD SM processes, like ¢ — cc¢ production. For these reasons,
this decay channel has not been experimentally observed yet. The decays to leptons
are also allowed, the highest branching ratio is expected to be in a pair of T leptons
(~ 6.3%), while the decays to lighter leptons, like muons (BR ~ 0.02%) are extremely
suppressed due to the very small mass of the leptons.

The bosonic decay channels, on the contrary, have in general smaller branching
fractions but cleaner signal. The highest decay rate is expected for the Higgs decay
into a pair of W bosons, which represents the second highest branching ratio after
H — bb (BR ~ 22%). The W bosons can subsequently decay either into a quark
and an antiquark or into a charged lepton and a neutrino. The decays of W bosons
into quarks are difficult to distinguish from the QCD background, and the decays
into leptons must account for the neutrino missing energy. A cleaner signal - at
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the price of a smaller rate - is given by decays into a pair of Z-bosons, with the
bosons subsequently decaying into pairs of charged leptons (electrons or muons),
H — ZZ — 4/, with { = y, e, expected to have a BR ~ 0.02%.

Decay into massless gauge bosons (i.e., gluons or photons) are also possible, but
they require intermediate loops of virtual heavy quarks (top or bottom) or massive
gauge bosons. The most common process is the decay into a pair of gluons through
a loop of virtual heavy quarks. This process, which is the reverse of the gluon fu-
sion process mentioned above, is undistinguishable from the background. On the
contrary, the decay into a pair of photons is much more relevant for experimental
searches. The di-photon decay is mediated by a loop of W bosons or heavy quarks
and it occurs approximately twice for every thousand decays. The energy and direc-
tion of the photons can be measured very precisely, giving an accurate reconstruc-
tion of the mass of the decaying particle. Thanks to its clear signature, the H — 7y
channel was used, complementary to H — ZZ — 4/, as "golden channel’ to claim the
observation in 2012. A similar decay is H — Z+, expected to have comparable BR,
but a much more challenging signal to background ratio due to the higher contam-
ination from radiative Z processes. A summary of the BR of all the possible Higgs
decay channels is presented in Table 2.1.

Decay mode BR

bb 58.24%
cc 2.89%
(. 6.27%
uopt 0.02%
9 8.19%
Yy 0.23%
Zy 0.15%
WwW 21.37%
zZ 2.62%

Total width 4.1 MeV

TABLE 2.1 — Summary of the branching fractions of the possible final states of the Higgs
boson decay and the total expected width of the Higgs boson (with a mass of 125 GeV).

2.6 Experimental verifications

The experimental Higgs boson searches are split in direct and indirect analyses.
The indirect analyses are based on precision measurements of the properties of some
other SM particles, such as the W boson, to infer constraints on the Higgs boson
properties. For example, the W boson mass can be expressed as

) B @ T
My < " > = V3G, (14 Ar) (2.49)

where Ar includes the higher-order corrections beyond tree-level, and is sensitive
to the top-quark and the Higgs boson masses [50]. Even if the Higgs-boson contri-
bution is less important than the component associated to the top quark, the Z, W
and t masses are measured with enough precision to infer limits on the Higgs boson
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mass parameter. Other pseudo-observables are listed in Ref. [51]. Combining the
constraints from all these pseudo-observables sensitive to the SM Higgs boson mass,
the LEP electroweak Working Group has obtained a preferred value of my = 94*3
GeV [52], which is consistent with the current best value from direct searches (see
later) within 1.30.

Direct analyses include the search of the Higgs boson decays to predicted decay
channels. Before LHC started in 2010, direct searches for a light Higgs boson (below
200 GeV) had already been carried out at LEP and at the Tevatron. The best LEP
limit have been set in the early 2000’s [53], for a preferred fit value of my = 1144+ 1
GeV. In early 2012 a combined CDF and DY measurement with all available data
claimed an excess in the region 115 < my < 135 GeV with global significance of
2.2, led by the H — bb channel [54].

As already mentioned, the first direct observation of a new boson compatible
with the Higgs boson was published in July 2012 by both the two general purpose
LHC detectors, ATLAS and CMS. The excess was found for a mass around 126 GeV,
based on a combination of all analyses available at that time, where mainly the chan-
nels H — vy, H -+ WW and H — ZZ — 4/ contributed [5, 6]. Both channels profit
from a very precise mass resolution and from relatively low and well understood
background contributions. Figure 2.10 shows the diphoton and 4/ invariant mass
distribution for the complete Run-1 ATLAS data set, taken in 2011 and 2012. A sig-
nificant excess over the background is visible at the same mass value in both chan-
nels. In addition, Figure 2.11 shows the so-called p-value of the ATLAS and CMS
measurements, which quantifies the probability that the observed excess could be
due to a fluctuation of the background. In both cases, this probability is lower than
3 x 1077, which is considered sufficient to exclude the background-only hypothesis
and confirm the discovery of a new resonance by both the experiments.
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FIGURE 2.10 — Di-photon (left) and four-lepton (right) invariant mass distributions for
20 fb~! of data at 7 and 8 TeV recorded with the ATLAS detector [5, 6].

The same bosonic ‘golden’ channels have been also used to caracterize this new
particle in terms of mass, spin and parity. The Run-1 combination of ATLAS and
CMS analyses in the high precision channels H — vy and H — ZZ — 4/, yielded
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FIGURE 2.11 — Local p-value and corresponding significance (see Section 7.4.2) for the
background only hypothesis as a function of the Higgs boson mass hypothesis for AT-
LAS [5] (a) and CMS [6] (b). The solid lines represent the observed p-value in data,
while the dashed lines are the expected p-value.

to a Higgs boson mass value of:

my = 125.09 + 0.24 (0.21 stat £+ 0.11 syst) GeV.

The analysis has been repeated with 36 fb~! of Run-2 data by the two experi-
ments. The CMS experiment quoted a value of 125.20 4 0.20 £ 0.11 GeV using the
four-lepton channel [55], while ATLAS measured a value of 124.86 £ 0.27 GeV in-
cluding both di-photon and four-lepton channels [56]. The spin and parity have
been tested in Run-1 looking at the angular distributions and correlations of the fi-
nal stated decay products. Various hypotheses have been tested, but at 99.9% confi-
dence level all spin and parity hypotheses are disfavored with respect to the J* = 0+
prediction of the SM [57].

The first measurement of the couplings to the fermion sector was obtained in
Run-1, with the observation of the H — 77 decay at 5.5¢ from a combination of the
ATLAS and CMS analyses [9]. The result have been confirmed separately by both
experiments using 36 fb ! of 13 TeV data [58] [59].

The other leptonic decay channel with active searches at LHC is H — upu. Due
to the large irreducible Drell-Yann background (pp — Z 4+ X,Z — wupu) and the
very small branching ratio, no significant excess has been observed so far by both
experiments even with datasets between 36 fb~! and 139 fb—! [60] [61]. Upper limits
on the signal strength between 2.9 (CMS) and 2.2 (ATLAS) times the SM predictions
have been set at 95% confidence level.

The other analyses probing the Higgs-to-fermion couplings are targeting the
H — bb, H — cc decays, and the ttH production mode. As mentioned before the
H — bb has the highest decay rate but suffers for the huge background contamina-
tion from QCD multi-jets. Since it represents the main core of this work, the analysis
strategy and the existing public results will be discussed in more details in Chapter
7. Regarding the H — cc channel, it is expected to be heavily contaminated by the
same QCD backgrounds of H — bb but with an additional drawback added by the
much lower BR. Searches from ATLAS with a dataset of 36 fb~! at a center of mass
energy of 13 TeV showed no significant excess over the background, so upper limits
onthe o(pp — ZH) x BR(H — cc) of 2.7 pb were set at 95% CL, while the SM value
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is expected to be 26 fb [62]. A more updated measurement with 36 fb~! has been
recently presented by CMS in Ref. [63].

The ttH production mode is the most direct probe of the Higgs coupling to top-
quarks. In Run-1, a combination of the ATLAS and CMS analyses allowed to claim
evidence for the ttH production mode with 4.4c significance [9]. The increase in
the center of mass energy in Run-2 enhanced by a factor four the ttH production
cross section, so the two experiments could independently claim the observation
with significances larger than 5¢ using 80 fb~1 of 13 TeV pp collisions each [11] [10].
The signature of this process is characterized by two b-quarks and two W bosons
(decaying hadronically or leptonically), coming from the t — Wb decay, in addi-
tion to the Higgs decay products. The observation has been performed combining
different decay channels of the Higgs boson, leading to very different final states
and background compositions. The leading channel in sensitivity is the multi-lepton
channel which includes the H - WW, H — ttand H — ZZ — qq¢¢ of the Higgs
bosons, excluding the ttH, H — ZZ — 4/ contribution, which is treated separately
as an event category of the H — 4/ analysis. Also the ttH, H — 77 has a clean
signal and contributed non-negligibly to the final sensitivity. The ttH, H — bb and
ttH,H — ZZ were also included in the combination, but with much lower sepa-
ration power due to the higher QCD background contamination. The ttH, H — bb
analysis will be later used in combination with the VH, H — bb analysis to increase
the sensitivity to H — bb decays.

The search for the other expected Higgs production modes is also very active at
LHC. All the modes described in Section 2.5.1 have been probed by both experiments
in the last years. The gluon gluon fusion is the one giving less distinctive signatures,
but thanks to its large cross section, it was the first to be observed in Run-1 by both
ATLAS and CMS [9]. The VBF mode is characterized by two additional jets in the
forward region, coming from the scattering quarks. This mode has been observed in
Run-1 combining ATLAS and CMS analyses [9], and the result was reconfirmed in
Run-2 separately for the two experiments.

The VH production mode is characterized by two additional particles coming
from the decay of the vector boson. The best sensitivity to this production mode is
achieved considering only leptonic decays of the vector bosons (W — (v, Z — 4
and Z — vv). In Run-1, a combination of ATLAS and CMS analyses allowed to
claim evidence at 3.5¢ level [9]. The observation of the VH production mode was
claimed by both experiments in Run-2, combining several decay channels led by
H — bb, which has the best sensitivity to this production mode. More details about
this combination will be given in Chapter 7.

The overall picture of the latest available Run-1 and Run-2 ATLAS Higgs-related
measurements is given in Figure 2.12. The values are found to be generally in agree-
ment with the SM predictions within the uncertainties.

2.6.1 Limitations of the Standard Model

As said in the introduction, despite the robustness and the remarkable prediction
capabilities showed so far, there are motivations to suspect that the current formula-
tion of the SM is just a limited part of a broader theory. This Section contains a brief
summary of the experimental indications suggesting such hypothesis.

The hierarchy problem: The range of physics scales, from the strong force scale
to the Planck scale?, is extremely broad. There are 19 orders of magnitude between

8. The energy scale at which gravity starts to play a role in quantum field theory.
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the proton mass and the Planck energy scale and the weak force is roughly 10%* times
stronger than gravity. Such a huge gap does not seem natural, and it requires a pre-
cise cancellation between bare values and quantum corrections to obtain the known
values of the coupling constants (see description of the naturalness problem).

Higgs mass and naturalness problem: The tree-level predicted Higgs mass is
expected to receive large radiative loop corrections when including higher orders in
perturbation. As introduced in Section 2.4.1, in renormalized theories the physical
quantities are modified by the inclusion of higher order corrections (coming from
contributions of fermions, bosons and self interactions in loops), transforming the
bare quantities in physical observables.

For the Higgs mass this can be written as [65]:

2

iy = (o + 12 A + O c) (2.50)

with y; the top quark Yukawa coupling with a value close to 1, O(m2,, ) all other
quantum corrections, and A the scale until wich the SM is valid. Up to now, the
next known energy scale after the electroweak scale is the Plank scale (~ 10'® GeV).
Supposing that the SM remains valid up to this scale, the bare mass of the Higgs
boson should be very large in order to cancel the large contribution of the A? term,
implying that the Higgs mass and the Planck mass® should be similar. The mea-
sured value of the Higgs boson mass, My ~ 125 GeV, is however extremely small
compared to the Planck mass, which requires very fine tuning of the parameters to
be reproduced. This is also known as the naturalness problem, since such fine cancel-
lation is possible, but seems very unlikely. A cutoff at lower energies ~ TeV would
be a more natural solution to explain the observed value of the Higgs mass. This is
one of the strongest arguments in favour of the presence of new physics beyond the
SM at higher energy scales. This would make the SM just the low energy limit of
this new larger theory.

Dark matter and dark energy: Astrophysics observations, as for example Ref.
[66], probing the composition of the Universe showed that the ordinary known mat-
ter represents just 4% of the total content of the universe. The rest is divided between
dark matter (22%), known from its gravitational effect, and dark energy (74%), nec-
essary to explain the acceleration in the expansion of the universe. The SM formal-
ism can only explain the dynamic of the 4% of known matter, and it would require
some extensions, such as Supersymmetry, to include some dark matter candidates.
Many models lead to stable supersymmetric particles which might act as dark mat-
ter candidates, but no one has been experimentally observed yet.

CP violation and matter/anti-matter asymmetry: In the early universe, the Big
Bang should have produced the same amount of matter and antimatter. However,
many cosmological observations [67] show that the universe is entirely dominated
by matter over anti-matter. The SM indeed allows for CP violation, described as
additional phases in the CKM and PMNS matrices. Such asymmetry between de-
cays can explain an excess of particles over anti-particles in the universe, but it is
however insufficient to explain why matter dominates. The baryon - anti-baryon
asymmetry of the universe is quantified as the ratio of the difference between the
number of baryons and anti-baryons over their initial sum. The baryon anti-baryon

9. The Planck mass is the mass of a particle having Compton wavelength equal to the Planck length.
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interaction occurs via annihilation, which produces photons, thus the initial sum can
be inferred by the number of photons in the early universe, which is a measurable
quantity. Since there are no anti-baryons observed, the asymmetry can be inferred
by the baryon-to-photon ratio, which has been estimated to be 17 ~ 10719 [68]. This
asymmetry can be obtained as described in Ref. [69] only if three necessary condi-
tions are fulfilled: the baryon number violation, the P and CP symmetries are broken
in the SM and there is a deviation from the thermal equilibrium (expansion of the
universe). All these conditions are fulfilled, however, the values of the CP violation
in the SM are too small to explain this number correctly.

Inclusion of Gravity: In its current formulation the Standard Model is not able
to include gravity, which is the last fundamental force still not included in the theory.
The main limitation comes from the quantization of general relativity, which so far
has not been achieved. Super-string and loop gravity theories are the first attempts
able to unify quantum field theory and general relativity, but their experimental ver-
ification remains very challenging.

Grand unification: As described in Section 2.4.1, the SM couplings are running
coupling constants depending on the energy of the process. In particular, focusing
on the three fundamental couplings (a5, g and agpr), and scanning a large inter-
val of energies, it seems that these couplings tend to converge at high energies, as
shown in Figure 2.7. The interaction point does not coincide for all the couplings,
but the peculiarity is that they are all crossing in the range 10'2 — 10'°> GeV. In these
unified scenarios, the couplings of the known fundamental forces are seen as the
manifestation of a single unified force, decoupled at low energies. The theory of Su-
perSymmetry represents an elegant way to explain the force unification in terms of
spontaneous symmetry breaking, as in the case of the electro-weak unification.

Hierarchy of fermionic families: Figure 2.1, summarizes the mass values of all
the constituents of matter. Focusing on the quark sector, the range of masses spans
from the few MeV (u) to the 172.5 GeV of the top-quark. These striking differences
between families are one of the main puzzles of the SM. Many models tried to an-
swer this question [70, 71], but so far no one gave detailed predictions.

Neutrino masses: Neutrinos are fundamental objects described as massless left
handed particles in the SM. However, the observation of the neutrino oscillations
[27], implies that the neutrinos are not massless. Mass terms for the neutrinos could
be introduced in the SM without breaking the gauge invariance, but the open ques-
tion is if the mass term should be of type Dirac (like the other fermions) or Ma-
jorana (so the neutrino is its own antiparticle). The latter would be confirmed by
the observation of neutrinoless double beta decay. In addition, since neutrinos have
mass-eigenstates differing from the detectable flavour-eigenstates it is difficult to
understand the structure of such term in the Lagrangian.

2.7 From theory to event simulation

The Lagrangian formalism of the SM allows to simulate the full dynamic of the
interaction between particles with a high level of precision. Typically, LHC analy-
ses consist in comparing the outcome of such generated samples representing our
theoretical expectation, with the real recorded data from the detector, looking for
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FIGURE 2.13 - Schematic picture of a proton-proton collision. Shown are the incoming
protons and their parton content described by the PDFs, the partonic interaction given
by the matrix element (ME), the parton shower (PS) and hadronisation of the quarks and
gluons in the event and additional activity in the event originating from the underlying
event and pile-up [72].

significant deviations from the SM hypothesis or to precisely measure the SM expec-
tation.

The simulations are relying on several available programs based on Monte Carlo
methods [73], which can simulate all the different phases of the parton scattering. As
shown in Figure 2.13, the pp — X interactions are complex to simulate, thus the full
process is divided into steps: the underlying event, the hard scattering part (matrix
element), the evolution of the parton showers and the hadronisation.

Parton distribution functions (PDF): As described in Section 2.3.1, the PDFs are
used to describe the probability to find a parton carrying a fraction x of the total mo-
mentum. The results are extracted from deep-inelastic scatterings and fixed-target
experiments or the LHC, to cover different energies, and combined in a global fit to
extrapolate the PDF over a broad range of scales. There is a non-negligible space for
arbitrary choices in the fit, like in the choice of input datasets, the order in pertur-
bation theory or the input parametrization, which can lead to differences in the re-
sults. Several collaborations, characterized by different choices in the global fit pro-
cedure, are regularly releasing updated PDF sets (i.e. CT14, NNPDF3.0 or MMHT14,
PDF4LHC), in particular when new data become available. The associated PDF un-
certainties are typically covering the spread between the fitting groups in the region
50-500 GeV, but beyond that, differences begin to emerge and the uncertainties are
around O(10%).

Matrix Element (ME): The matrix element represents the hard scattering part of
the process, calculated applying the Feynman rules. In the case of NLO simulations,
the matrix element accounts also for the additional Feynam diagrams coming from
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the higher order corrections. In this way the number of Feynman diagrams rapidly
increases and so the computation time to calculate all the possibilities, making the
simulation process quite slow.

In addition to the hard scattering process, the ME simulation of many available gen-
erators also includes the simulation of the decay process of the short lived particles,
such as H — bb or W — fv. The ME simulations are calculated at a fixed renor-
malization scale p. Thus, changing the choice of y can change the outcome of the
simulation.

Parton Shower (PS): The parton shower represents the connection between the
ME partons and the final state hadrons. Partons produced at ME do not immediately
form hadrons, since they are still in the asymptotic freedom regime, but they lose
energy through several stages of radiation, until their energy is low enough to break
perturbation theory and build complex states. The PS aims at modelling this extra
radiation before hadronization and it is extremely important in the description of the
jet structure. The radiation stages are encoded in the so-called Sudakov form factors
[74], which define the probability for a parton g not to emit radiation in the interval
At. The Sudakov factors are defined as a function of a certain evolution variable
t, which sets the time for the shower evolution. In final state showers it should
gradually decrease, while for the initial state radiation it should gradually increase
towards the hard scattering. The choice of the evolution variable is different across
the generators: opening angle (HERWIG) or transverse momentum (PYTHIA 8) are
some examples used by the currently available algorithms.

For the final-state radiation, the parton shower modelling follows the so-called

forward evolution, which starts with a given number of hard partons and assigns fur-
ther emission according to the Sudakov weights. On the contrary, for initial state ra-
diation the PS model follows the so-called backward evolution, since it fixes the hard
scattering and it works backwards to establish the incoming hadrons. The main
complication arises from the fact that the DGLAP equations must be satisfied at all
steps.
In case the ME and PS are simulated with different generators, the two have to be
carefully matched in order to remove the overlapping diagrams. For example, ME
generators at NLO already count for the radiation of one extra parton, so these dia-
grams should be removed from the PS, otherwise the final probability of the process
is biased.

Hadronization: Perturbation theory breaks down at the end of the shower (scale
~ 1 GeV) and partons begin to bound together into hadrons. This step happens
at energies which are in the transition zone between the two QCD regimes, where
physics is not well known, and it is usually modelled by the parton shower genera-
tors. To overcome this problem, the parton shower event generators use phenomeno-
logical models involving a dozen of parameters (that must be tuned to existing data
from LEP collisions), to translate the final partons into hadrons. Well tested exam-
ples are the Lund string model used in PYTHIA and the cluster model used in HERWIG
and SHERPA. Many of the hadrons produced by these models are unstable and fur-
ther decay into lighter hadrons, according to known branching ratios.

Underlying Event (UE): The underlying event simulation contains all the events
not coming from the primary hard scattering. The UE involves contributions from
initial and final state radiation, beam-beam remnants or multiple parton interac-
tions. The energy scale of the underlying processes is expected to be smaller than
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the energy of the hard scattering event. For this reason, the UE is not expected to
create additional jets, but a uniform underlying activity represented by low energy
hadrons (E ~ 3 GeV at LHC). The underlying event is divided from the PS by an
energy cutoff: interactions above this value will be treated in the PS, while all the ac-
tivity below this value is included in the underlying event. The choice of the cutoff
depends on the PDF set, the collision energy and the impact parameter of the pro-
tons. The UE activity is simulated by tunable parametric tools based on minimum
bias data collected with very loose triggers [75, 76].

Pile-up: As described later in Section 3.1.2, at LHC there is high chance that
multiple inelastic pp collisions happen simultaneously at the collision points (for
each bunch, see later). This phenomenon is called pile-up, and it has a dedicated
simulation step, different from the hard scattering event.

2.7.1 Available generators

Several programs are available to simulate the events [77]. The programs able to
simulate the full event - from ME to the hadronization - are also called multi-purpose
generators (like SHERPA, PYTHIA and HERWIG), while there are also some special-
ized programs able to generate only part of the event - i.e. only the hard scattering,
like MADGRAPH or POWHEG- so they need to be interfaced with other specialized
programs for the simulation of the PS. This is convenient because the simulation is
faster and can be parallelized, but then ME and PS simulations need to be carefully
matched to remove the double-counting of emissions [72].

Pythia [78]: This is a multi-purpose generator providing PS, UE and ME calcula-
tions. The ME calculations are given at LO and both PS and UE models are tuned on
existing measurements. The hadronization step is based on the Lund model. Several
sets of such tunes are provided for testing. The most common sets are the so-called
AZNLO and A14 [79], which will be later used to study the impact of UE and PS
on the MC modelling. This generator has a "hybrid" version, meaning that it can
simulate just certain parts of the event. This feature is useful since the default accu-
racy of the ME is just at LO, and therefore it is often substituted by POWHEG event
generation.

Sherpa [80]: This generator is a multi-purpose generator providing both ME and
PS simulations at once. It is the preferred generator for processes with additional
radiated jets, which are directly included in the ME calculation. No "hybrid" version
of this generator is available to generate just part of the event.

Herwig [81]: This is another multi-purpose generator. Contrary to PYTHIA, its
hadronization model is based on the cluster fragmentation model. This generator
will be later used in combination with POWHEG to quantify the systematic uncer-
tainties related to the fragmentation/hadronisation modelling.

Powheg [82]: This is an NLO generator able to simulate the matrix elements of a
broad variety of processes. It has to be coupled with other generators for the PS, and
undergo the ME-PS matching. In this work, it will be usually interfaced to PYTHIA
or HERWIG.
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Madgraph [83]: Similar to POWHEG, this generator provides only ME calcula-
tions at NLO (and LO). In this work it will never be used as the default generator,
but just as an alternative sample to study the modelling uncertainties. The PS gen-
erators which are interfaced with MADGRAPH are PYTHIA or HERWIG.
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3 | The Large Hadron Collider
and the ATLAS detector

The ability to probe nature at the scale of its constituents requires huge exper-
imental devices, able to accelerate particles at the highest energies ever reached in
controlled environments on Earth. Such high energies are useful to exploit two fun-
damental properties of nature:

- The De Broglie relation [84]: thanks to the De Broglie relation A = h/p
the energy scale (p) of an object is inversely related to its De Broglie wave-
length A. From this relation follows that one of the ways to reach the resolu-
tion power necessary to probe infinitesimally small objects - such as the con-
stituents of the nucleon - can be obtained with very high momentum probe
particles, having De Broglie wavelengths compatible to the quark length scale
(1072 m) L.

- The mass-energy relation [36]: the Einstein’s mass-energy relation E = mc?
states that in case of relativistic kinematics, mass can be converted to energy
and vice-versa. In particular, new particles with mass m( higher than the
initial mass of the mother particles can be created if their equivalent in en-
ergy is concentrated in a point. The higher the energy of the initial particles,
the higher is the limit on my. The main advantage of creating real particles
is that their kinematic can be directly assessed by reconstructing their decay
products, allowing for direct searches of new resonances. Particles can also
be created, for a very short time and out of mass shell 2 with vacuum polar-
ization in virtual loops. However, in this case their signature can be assessed
only indirectly.

These two fundamental aspects were highly considered while designing the ex-
perimental apparatus. The highest performance is reached when high energy parti-
cles travelling in opposite directions collide to create new particles out of the colli-
sion. The largest example of such device is the Large Hadron Collider (LHC) built
at the European Centre for Nuclear Research (CERN). The LHC is a 27 km circum-
ference proton-proton collider reaching center of mass energies up to 14 TeV.

These newly produced particles are then captured by experiments surrounding
the interaction points in which the proton beams intersect and collide. The whole
system can be seen as a high precision microscope, with a resolution power up to

1. Complementary results can be achieved with smaller energies but higher intensities and ultra-
high precision measurements, which can compensate for the lack of energy and reach similar scales,
like in b-factories [85].

2. Virtual particles that do not satisfy the energy-momentum relation.
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the quark scale. This Chapter will mainly focus on the ATLAS experiment, used to
collect the data analyzed in the next Chapters.

3.1 The Large Hadron Collider

The Large Hadron Collider [87] is currently the largest particle accelerator in the
world. It is also the most powerful hadron collider ever built, with an achievable
center of mass energy seven times higher than the previous record detained by the
Tevatron [88], allowing access to very rare phenomena and precision measurements.

These high center of mass energies can be efficiently reached only accelerating
relatively heavy particles, such as protons, for which the energy loss in curved tra-
jectories due to synchrotron radiation is considerably reduced for a machine of fixed
radius, with respect to lighter particles such as electrons. Furthermore, the mo-
mentum distribution of partons inside the protons allows to probe multiple energy
ranges simultaneously. The possibility of a proton-antiproton collider was rejected
due to difficulties in maintaining high-intensity antiproton beams for long periods,
which would have affected the final instantaneous luminosity, without a consider-
able gain in the production rates, since at these energies the dominant contribution
comes from gg collisions.

CERN's Accelerator Complex
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FIGURE 3.1 — Scheme of LHC beamlines and experiments. The current LHC injection
chain (from Linac2 to PSB to PS to SPS and finally to LHC) is visible.

Inside the accelerator, two high energy proton beams travel in opposite direc-
tions in separate beam pipes kept at ultrahigh vacuum (10~'° Torr). The LHC was
designed to accelerate protons up to an energy of 7 TeV producing collisions at a
center of mass energy of 14 TeV at a maximum instantaneous peak luminosity of L =
103 cm~2s~!. The LHC started operations in 2008 and during the period 2010-2011
it provided a center of mass energy of 7 TeV and a peak luminosity of L = 4 x 10%
cm~2s~ L. The center of mass energy has been increased to 8 TeV during 2012. After
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a shut down of two years, the accelerator has been upgraded and from 2015 to 2018
it was operated at a center of mass energy of 13 TeV. The peak instantaneous lumi-
nosity was increased in 2017 to 2 x 10%* cm~2s~!, corresponding to twice the design
value, thanks to new techniques able to reduce the size of the beams [89].

The acceleration is only possible through several steps that take place in different

ever-increasing accelerators before the beam injection at the LHC. Protons are first
injected from Linac 2 (a linear accelerator) into the Proton Synchrotron Booster (PSB)
with an energy of 50 MeV. The PSB accelerates protons to 1.4 GeV and injects them
into the Proton Synchrotron (PS). The PS accelerates the protons to 26 GeV before
injecting them into the Super Proton Synchrotron (SPS). The SPS accelerates the pro-
tons to 450 GeV before injecting them into the LHC. This injection chain is sketched
in Figure 3.1.
The LHC accelerator has many parts which have important and necessary roles in
accelerating protons. The acceleration is performed by radio-frequency (RF) cavities.
Eight superconducting cavities, operating at 400 MHz, increase the beam energy by
485 keV at each turn until it reaches 6.5 TeV. Furthermore, there are 1232 super-
conducting dipole magnets made of Nb-Ti used to bend the protons’ trajectories.
Superfluid helium is used to cool the Nb-Ti to 1.9 K in the dipole magnets. The lim-
iting factor for the LHC is not the acceleration itself but the bending power of these
dipole magnets, which are designed to operate at 8.3 T, with possible operations up
to 9 T [90]. There are also 78 superconducting quadrupole insertion magnets which
are also made of Nb-Ti. These magnets are used to focus the bunches of protons. In
most of the quadrupole magnets a weaker target for magnetic field strength allows
for a slightly higher temperature of 4.5 K. In addition there are approximately 3800
single aperture and 1000 twin aperture corrector magnets that are used for orbital
corrections. The standard LHC filling scheme foresees two beams each with 2808
bunches, separated by 25 ns, with 1.15 x 10! protons per bunch in a beam size of
3.5 ym. However, since 2016 the filling scheme has been changed to achieve higher
brightness. The Batch Compression Merging and Splitting (BCMS) [91] allows to
reduce the beam size to around 2.5 ym, while keeping the same number of protons
per bunch. The higher the beam density, the higher the collision rate and hence the
luminosity. This new configuration implies also a higher energy density of the beam,
which can potentially cause more damage if it is lost. For this reason, the maximum
number of bunches is limited to 144 bunches in the SPS. This, combined with the
limitations in the technical gaps between batches (225 ns), results in a maximum
number of bunches per ring of 2556 bunches. The lifetime of the beams inside the
LHC is about ~ 15 h, mainly limited by the decrease in instantaneous luminosity
due to collisions at the interaction points.

3.1.1 Luminosity

Collecting high statistics during each run is fundamental when studying rare
phenomena. The number of events per second generated by a given process in the
collisions is given by:

Nevents = L X Oprocess (3.1)

with Oprocess s the cross section of the process and L is the instantaneous luminosity,
a proportionality constant depending on multiple factors related to the beam prop-

erties: )
[ — Nj; ”bfr'YrF

tresB (32)
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where the definitions and the design values for an LHC run are summarized in Table
3.1. The instantaneous luminosity is expressed in units of cm~2s~! or b~!s7!, with

Variable ‘ Value Description

Np 1019-10'! | Number of particles per bunch

1y 2808 Number of bunches per beam

fr 11 245 Hz | Revolution frequency

Yr ~ 7000 Relativistic gamma factor

€n 3.75 ym Normalized transverse beam emittance, related to its
size

B 0.55m Beta function at the collision point , related to its focus-
ing

F 0.84 Geometric luminosity reduction factor if the beams do
not collide head-on. A crossing angle of 285 urad is in-
troduced to prevent collisions outside the nominal inter-
action points.

TABLE 3.1 — Summary of the nominal design LHC parameters and their definitions.

b1 being the inverse barn (1b = 1024 cm?).

The integrated luminosity in time [ Ldt quantifies the total amount of produced
data. For a given process pp — X, the number of predicted events collected in a
specific amount of time is given by [ Loy, xdt, for 0, x calculated in barns.

3.1.2 Mean number of interactions per bunch-crossing

Since each bunch contains around ~ 10! particles and given that the inclusive
cross section of pp inelastic scattering ;,,.; is ~ 80 mb at 13 TeV, there is high chance
to have multiple pp collisions during a single bunch crossing, such effect is called in-
time pile-up. The mean number of interactions per bunch crossing is calculated as
the mean of the Poissonian distribution of the number of collisions for each bunch:

Lbunch * Oinel
— _ounch et 3.3
I - f, (3.3)

with Ly,,en, the luminosity per bunch and f; - n;, the collision rate at the LHC, cal-
culated as the product of the number of bunches per beam (1;) and the revolution
frequency (f;). The value of (i) tends to decrease with the life time of the beams
inside the LHC due to the lower number of particles in the colliding bunches. High
(p) values imply more difficulties in disentangling simultaneous pp collisions. As
shown in Figure 3.2, each data-taking period has its specific (j) profile, for an av-
erage value of 33.3 interactions per bunch crossing summing all Run-2 data taking
periods.

3.1.3 LHC experiments and physics research
In the LHC ring the beams collide in four points, in correspondence of four de-

tectors dedicated to different purposes:

ALICE (A Large Ion Collider Experiment) [92] uses heavy ion collisions to study
the quark-gluon plasma, a particular state of matter supposed to be the closest re-
production of the universe some milliseconds after the Big Bang. A single ion-ion
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FIGURE 3.2 — Shown is the luminosity-weighted distribution of the mean number of
interactions per crossing for the 2015-2018 pp collision data at 13 TeV center of mass
energy. All data recorded by ATLAS during stable beams is shown, and the integrated
luminosity and the mean y values are given in the figure. The mean number of inter-
actions per crossing corresponds to the mean of the poisson distribution of the number
of interactions per crossing calculated for each bunch. It is calculated from the instanta-
neous luminosity per bunch as (Lyypcp, - Oiner) / (fr - 1) as explained in Equation 3.3.

collision produces a huge number of particles in the final state, which can be up
to three orders of magnitude larger than a typical proton-proton interaction. This
makes the environment very challenging in terms of event reconstruction and radi-
ation resistance.

ATLAS (A Toroidal LHC Apparatu$S) [93] is one of the two general purpose de-
tectors at LHC. Its name is given by the big toroidal magnetic system, consisting
of three large superconducting air-core toroid magnets placed in the outer part of
the detector. This experiment has a wide spectrum of research, with a particular
focus on precision SM measurements, the Higgs boson physics and on searches for
physics Beyond the Standard Model (BSM), as predicted for instance by SUSY and
extra-dimensions theories. More details are given in the next Section.

CMS (Compact Muon Solenoid) [94] is the other LHC general-purpose detec-
tor, with a physics program very similar to ATLAS: Higgs boson physics and the
searches of new particles in the context of BSM models are the main domains. The
main difference from ATLAS is the design, in fact all the detectors are placed around
a unique superconducting solenoid of 3.8 T, generating an axial magnetic field both
for the tracker and the muon system.

LHCb (Large Hadron Collider beauty) [95] is a forward detector focused on
flavour physics, performing precise measurements of CP violation and rare decays
of bottom and charm hadrons. The structure of this experiment is completely differ-
ent with respect to the other experiments, in fact it is developed only on one side of
the interaction point, to catch particles in the forward region.
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3.2 The ATLAS experiment

The ATLAS detector [93] is one of the two general purpose detectors set up along
the LHC ring. With a total length of 42 m, a radius of 11 m and a weight of 7000
tons, it is the largest LHC experiment (See Figure 3.3). The detector has an overall
cylindrical symmetry and it is composed by the inner detector (ID), the calorimet-
ric system and the muon spectrometer (MS). The combination of all these different
instruments allows for the reconstruction of the trajectory and momentum of the
outgoing particles.

25m

Tile calorimeters
- : LAr hadronic end-cap and
forward calorimeters
Pixel detector \

LAr electromagnetic calorimeters

Toroid magnets

Muon chambers Solenoid magnet | Transition radiation fracker

Semiconductor tracker

FIGURE 3.3 — Picture of the ATLAS experiment. All the sub-detectors described the
section are shown.

In the ATLAS standard coordinate system the beam direction corresponds to the
z-axis while the x-y plane corresponds to the plane transverse to the beam pipe, in
particular the x-axis points radially towards the center of the LHC ring and the y-
axis points upwards to the surface. The nominal collision or interaction point defines
the origin of the coordinate system, placed at the center of the detector. A polar
coordinate system is also largely used: the azimuth angle (¢) is measured in the
(x,y) plane with respect to the x axis, and the polar angle () is the angle that a
particle forms with the beam axis. The 6 coordinate is usually substituted with the
pseudorapidity:

n = —log(tan g) (3.4)

For ultra-relativistic particles this is an approximation of the rapidity:

1
y=—5[(E+pz)/(E—pz)] (3.5)
which transforms additively under boosts in the z-direction. Since boosts along the

beam axis do not affect the ¢ angle, a useful quantity to measure is the angular
distance in the 17 — ¢ plane, such as:

AR =/ (An)? + (892 (3.6)
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Since the initial momentum of the colliding partons is not known, the longitu-
dinal coordinate can not be determined a priori. Some quantities are therefore ex-
pressed directly in the transverse plane, such as the transverse momentum (pr) and
the transverse energy (Et), defined as:

pr = psin® or Et = Esin0. (3.7)

3.21 The magnet system

Exploiting the properties the Lorentz force, charged particles momenta are mea-
sured by the particle deflection in magnetic fields. The detector is therefore im-
mersed in a non-homogeneous magnetic field produced by four large superconduct-
ing magnets placed in different parts of the detector. The system is composed of a
central solenoid for the inner tracker and three open-air toroids for the muon spec-
trometer [96]. This design has been chosen to reduce the influence of the magnetic
field on the sampling calorimeters, which would translate in a degradation of the
overall energy response® [97]. Starting from the beam pipe, the first magnet is the
central solenoid of 2 T, placed immediately after the inner detector, providing a mag-
netic field parallel to the beam axis. The solenoid has a radius of 2.5 m and a length
of 5.3 m. The toroid system is located around the calorimeters and it can be divided

FIGURE 3.4 - Schematic view of the ATLAS solenoidal (inner cylinder) and toroidal
magnets (outer coils) [96].

in two end-cap toroids and one barrel toroid, as shown in Figure 3.4. Each toroid is
composed of eight independent coils arranged in the radial direction following the
ATLAS coordinate system. The end-cap toroids are rotated of 22.5° with respect to
the barrel toroid, to improve the overlap across the magnetic fields and increase the
uniformity. The two end-cap toroids produce a field of 4.1 T, while the barrel toroid
generates a field of 3.9 T. In both cases a helium cooling system is used to maintain
the magnets at a temperature of 4.5 K.

3. The magnetic field has effects on the shower profile, for example the lateral development of
the shower can be broadened or the soft EM component can be bend within the inactive areas of the
calorimeter and get lost. In copper-based calorimeters more than half of the EM shower is deposited
by soft electrons of ~ 4 MeV, and already for a 2 T field perpendicular to their direction the radius of
curvature is only }_ 6 mm.
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3.2.2 Inner Detector and Tracking

The inner part of ATLAS is the tracking detector [98]. The tracker is surrounded
by the superconducting solenoid of 2 T magnetic field as described in the previous
section, and it is designed to achieve good momentum resolution and pattern recog-
nition for charged particle tracks in the range |77| < 2.5. A schematic view of the
detector design is presented in Figure 3.5. To ensure a good intrinsic spatial resolu-
tion and mitigate the occupancy problems due to the high pile-up environment, the
tracking system has been designed using highly segmented sub-detectors.

The final design has been choosen as a trade-off between high performance and
considerations about the amount of material in the tracker. In fact, large amounts
of material in the innermost layers of the detector are highly influencing both the
intrinsic momentum resolution due to multiple scattering, and the performance of
the calorimeters. The overall thickness of the inner detector varies from 0.4 radia-
tion lengths4 (Xp), to a maximum of 2.5Xj in the forward region. A sketch of the
amount of material in the area before the calorimeter as a function of 7, including
the supporting staves and the cryogenic system, is presented in Figure 3.6.

R=1082mm

R = 554mm

R =514mm

R =443mm
scT

R=371mm

R =299mm

FIGURE 3.5 — Schematic view of (a) the front and (b) the longitudinal designs of the
ATLAS Inner Detector. The new Insertable B-Layer (IBL) is visible only in the front
view. [98].

The inner detector is contained within a cylinder of length +3.5 m and 1.15 m
of radius around the beam pipe, starting at a few cm from the collision axis. Three
main technologies are used, with decreasing granularity at higher radial distances
from the beam-pipe. The innermost part of the tracker consists of a silicon pixel de-
tector, which is surrounded by a Semi Conductor Tracker (SCT) consisting of mod-
ules with two layers of silicon micro-strip sensors. The outermost region is covered
by a Transition Radiation Tracker (TRT) consisting of straw drift tubes filled with
a gas mixture dominated by Xenon, interleaved with polypropylene/polyethylene
transition radiators. The designed track momentum resolution of the ID is [98]:

opr/pr = 3.8 x 107 - pr(GeV) & 0.015. (3.8)

Pixel Detector

The pixel detector [100] is the closest detector to the beam-pipe. This sub-detector
is crucial for a good vertex reconstruction and a precise measurement of the track

4. The radiation length of a material is defined as the mean length (in cm) needed to reduce the
energy of a relativistic electron by a factor 1/e.
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FIGURE 3.6 — Amount of material traversed by a particle, X/ Xj, as a function of ||, in
the improved simulation, up to the ID boundaries (left), and up to the PS and the EM
calorimeter (right). The contributions of the different detector elements, including the
services and thermal enclosures are shown separately by filled colour areas [99].

impact parameters, defined as the minimum distance between the track and the pri-
mary vertex. These are key ingredients in many aspects of the analysis, i.e. a good
object and event reconstruction (see Chapter 4) or for the so-called b-tagging as de-
scribed in Chapter 5.

The pixel detector has different designs for barrel and end-caps. The end-caps

are composed of three disks of 34 cm radius placed at |z| = 49.5, 58.0 cm and 65.0
cm from the nominal interaction point. The barrel is composed of four cylinders of
80 cm length and radii of 3.33 cm, 5.05 cm, 8.85 cm and 12.25 cm, conventionally
referred to as Insertable B Layer (IBL), b-layer, layer 1 and layer 2 respectively. The
IBL has been added in 2014 [101] to help in the reconstruction of displaced vertices
and increase the discrimination power between b-jets and jets from gluons and light
quarks.
Each layer of the detector is made of silicon sensors segmented in ¢ and z. The outer
layers and 75% of the IBL are equipped with planar pixel sensors [100], while the re-
maining parts are instrumented with pixel modules using the 3D technology [102].
The minimum pixel size in ¢ x z is 250 ym x 50 um for the IBL modules and 50 x 400
um? for the other layers, resulting in an overall accuracy in the barrel region of 10
pum in the ¢ direction and 115 ym in the z direction. The IBL alone has a hit spatial
resolution of 10 ym in the ¢ direction and 66 ym in the z direction [103]. The accu-
racy in the end-caps is 10 ym in the ¢ direction and 115 ym in the R direction. The
radiation hardness of all sensors has been extensively studied in beam tests [101]
[104] for fluences up to 5 x 10 Neq/ cm?°.

The proximity to the collision point makes the innermost layers particularly ex-
posed to the received radiation damage. By the end of the 2017 pp collision period
the IBL and the b-layer received integrated fluencies of 6 x 10 and 3 x 10'* neq/cm?
respectively [105]. The other two layers received less than half the fluence of the two
b-layers. Figure 3.7 shows the 1 MeV neutron-equivalent fluence as a function of
time for the four ID layers. At the end of Run-2 the integrated fluence received by
the IBL is about 1 x 10 Neq/ cm?. Thus, the expected integrated fluence on the IBL

5. The neq/ cm? is the unit of "neutron equivalent fluence". The fluence of an arbitrary type of
particle is expressed in fluence of 1 MeV neutrons, which are taken as reference particles.
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FIGURE 3.7 — Predictions for the lifetime fluence experienced by the four layers of the
current ATLAS pixel detector as a function of time since the start of Run-2 (June 3, 2015)
at z ~ 0 up to the end of 2017. For the IBL, the lifetime fluence is only due to Run-2 and
for the other layers, the fluence includes all of Run-1. The IBL curve represents both
the fluence on the IBL (left axis) as well as the delivered integrated luminosity in Run-2
(right axis) [105].

at the end of Run 3, considering a total of 300 fb~!, will be around 2 x 10" neq/cm?,
considering an expected fluency per unit of luminosity of 6.1 x 10?neq/cm?/ fb?,
with uncertainties of the order of 10% [105].

The pixel detector is providing ideally four measurement points for charged par-
ticle. According to the Bethe-Bloch formula [20], the charged particles interact with
the silicon losing energy in the pixel and electron-hole pairs are created by ioniza-
tion along its path. The electron-hole pair is created when an electron moves from
the valence band to the conduction band. The amount of energy needed to create an
electron-hole pair in silicon is about 3.6 eV. Once the free electron and holes are cre-
ated, they drift in the sensor towards the collecting electrodes, following the applied
electric field. Finally, they are collected and converted in an electrical signal.

SemiConductor Tracker

The Semi Conductor Tracker (SCT) is a silicon micro strip detector [106]. The
SCT barrel is composed of eight strip layers, mounted on four cylinders equipped on
both sides, and placed at a radial distance from the beam of 30.0, 37.3, 44.7 and 52.0
cm. The SCT end-caps are composed of 9 disks with modules arranged in the radial
direction. One module consists of two single-side layers of microstrips mounted
back to back. The microstrips have 80 ym width and a length of 6.4 cm in the z
direction. In the barrel, the z component is measured exploiting the stereoscopic
effect: the front layers of each module are mounted parallel to the beam direction
(orthogonal for the end-caps), while the back module is rotated by a small angle of
40 mrad. The crossing point of the strips in the two modules is used to determine the
space position. The same effect is exploited in the barrel to measure the R position.
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The overall spatial resolution is 17 ym in the ¢ direction and 580 ym in z (R in the
end-cap), the latter determined with the strip crossing method.

Transition Radiation Tracker

The Transition Radiation Tracker (TRT) [107] represents the outermost part of
the ATLAS tracker. The TRT is divided into a barrel (|| < 0.7) and two end-caps
(0.7 < |n| < 2.0). The TRT barrel extends from a radius of 56 cm to 108 cm, just be-
fore the edge of the cryostat serving both the magnet and the ID, while the end-caps
are placed in the range between 61-110 cm in R and 82-274 cm in z.

Both barrel and end-caps are instrumented with straw drift tubes with a diameter
of 4 mm filled with a Xenon mixture, interleaved with polypropylene/polyethylene
transition radiators. In the barrel the straws are parallel to the beam axis and are 144
cm long, while the end-caps are instrumented with 37 straws arranged radially in
wheels.

The gas mixture is composed of 70% Xe, 27% CO, and 3% 0,. The gas is ionized
by the interaction with the charged particles crossing the detector, the free electrons
generated by the ionization drift thanks to the high voltage applied, and the induced
signal is collected by 31 ym tungsten anode wires placed at the center of each tube.
The spatial resolution of the TRT is 130 ym per straw, with information only on
the transverse plane. For charged particles with transverse momentum pr > 0.5
GeV, the TRT typically provides 35 hits per track. The detector offers also addi-
tional electron identification capability thanks to the transition radiation produced
by high-energy electrons.

3.2.3 Electromagnetic Calorimeter

The electromagnetic calorimeter (ECAL) [108] is an hermetic lead /liquid-Argon
(LAr) sampling calorimeter which measures energy, starting point and direction of
electromagnetic showers within || < 3.2. The calorimeter is divided in a barrel
section (|| < 1.475) and two end-cap regions (1.375 < |5| < 3.2). The transition
region between the barrel and the end-caps (1.37 < |¢| < 1.52) has a large amount
of material upstream of the first active calorimeter layer, as visible in Figure 3.6. The
total thickness of the EM calorimeter is higher than 22 radiation lengths in the barrel
and 24 in the end-caps, counting both active and inactive layers. The active layers
of the sampling calorimeter occupy ~ 9.7 radiation lengths in the barrel (10 in the
end-caps) out of the 22 (24) total radiation lengths quoted above. The geometry of
the electrodes follows an accordion shape in ¢, to reduce the inactive regions seen
by the particle. In the region |1| < 2.5 the calorimeter is divided in three different
sections in depth, as displayed in Figure 3.8. The first sampling (strips) has a fine
segmentation in # (in the region |57| < 1.4 and 1.5 < || < 2.4) which allows isolated
photons and neutral pions to be differentiated for transverse momenta up to 100-200
GeV. The second sampling (middle) collects most of the energy measured and is the
thickest, while the third one is thinner and is mainly used to estimate the amount
of energy leaking beyond the ECAL. In front of the accordion calorimeter, a thin
presampler (PS) layer (in the region || < 1.8) is used to correct for energy loss
upstream of the calorimeter. This longitudinal segmentation is useful to reconstruct
the direction of the incident particle. High voltage is applied in the active layers
(between the absorbers) to collect the drifting electrons generated by the ionization
of the liquid argon interacting with the charged particle.

The energy resolution of the accordion calorimeter is parametrized as the quadratic
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sum of three terms: b
o a
where 4, b and c are 77-dependent parameters.The a term is the sampling term, reflect-
ing the stochastic behaviour of the shower development; b is the noise term, account-
ing for electronic and pile-up noise and c is the constant term, including contribu-
tions which do not depend on the energy of the particle, such as non-uniformities in
the geometry, ageing and radiation damage. The relative importance of the various
terms depends on the energy of the incident particle. The sampling term dominates
at relatively low energies (few GeV), while for lower energies the major contribu-
tion comes from the noise term. The constant term is asymptotically dominating at
high energies, where the energy dependence suppresses the other two terms. The
design value for a is 10%, while for c is 0.7%; the noise term b was estimated to be
350 x cosh MeV for a 3 x 7 cluster in the 1 X ¢ space in the barrel and for a mean
number of interaction per bunch crossing equal to 25 [109]. At high # the noise
term is dominated by the pile-up noise. Different methods are used to have direct
measurements of both the noise term and the constant term: b (accounting for the
electronic and pile-up contributions) is accessed comparing pile-up only events in
data and simulation [109], while c is extracted comparing the width of the Z — ee
invariant mass peak in data and simulation as described in Chapter 6, to obtain
measurements with a precision around 1072 [111]. Regarding the sampling term, it
has been determined from beam tests [112] before the ATLAS commissioning (2006).
More details about an alternative data-driven method to cross-check the sampling
term value are presented in Section 6.8.7.

Overall, the accordion calorimeter in the barrel region allows for a ~ 1% invari-
ant mass resolution in H— 77 and H—4e channels for a Higgs mass between 100
and 200 GeV.

3.2.4 Hadronic Calorimeter

The description of the hadronic shower development is rather complicated. It
comes as the sum of an electromagnetic component (i.e. 7 — <77) and a strong
component due to the interactions between the hadron and the atomic nuclei.

The hadronic calorimeter (HCAL) [113] is placed directly behind the EM calorime
ter covering a range || < 4.9, and it is designed to measure the hadronic showers.
The particle interacts with the atomic nuclei of the calorimeter generating additional
particles out of the strong interaction, or due to a partial disintegration of the nuclei
(leading to spallation of neutron and protons). If these secondary particles are en-
ergetic enough, they can undergo further inelastic collisions and this can trigger a
shower. The shower grows until the energy of the secondary particles reaches the
pion production threshold.

The HCAL is divided in three main parts: the Tile Calorimeter (TileCal) in the region
|n| < 1.7, the Hadronic End-cap Calorimeter (HEC) extending to 1.5 < || < 3.2
and the LAr hadronic forward Calorimeter (FCal) from 3.1 < |5| < 4.9. The Tile
calorimeter is a sampling calorimeter using steel as absorber and scintillating tiles
as active material. The TileCal has one fixed central barrel and two moveable ex-
tended barrels, all of them composed of 64 modules covering an azimuthal ¢ an-
gle of 2r/64 = 0.1 rad. The scintillating tiles are placed perpendicularly to the
colliding beams and staggered along the R axis. Each cell has a segmentation of
An x A¢ = 0.1 x 0.1 rad. A schematic view of one TileCal module is presented in
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FIGURE 3.8 — (a) Layout of the ATLAS calorimetry system, (b) detailed view of the
accordion structure [108] and (c) detailed view of the TileCal module [110].
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Figure 3.8(c). Gap/crack scintillators have been installed [110] to improve the per-
formance in the transition region between barrel and end-caps, which are occupied
by many staves and electronics from the inner tracker.
The Hadronic Endcap Calorimeter (HEC) is located directly behind the EM calorime-
ter end-caps and has the same structure, consisting of two independent wheels per
end-cap and it is designed to overlap with the forward calorimeter. The HEC is a
sampling calorimeter alternating flat copper absorbers and liquid argon as active
material to ensure good radiation resistance. Each wheel has an outer diameter of 4
m and is made out of 32 identical modules.
The LAr hadronic forward calorimeter (FCal) [114] is integrated into the end-cap
nearby the beam axis with the front face recessed by about 1.2 m with respect to
the EM calorimeter and it has two main purposes: increase the uniformity of the
coverage of the calorimetric system and reduce radiation background in the muon
spectrometer. The FCal consists of three modules in each end-cap: the first one uses
copper as absorber, being optimised for electromagnetic measurements, while the
other two use tungsten-based absorbers, mainly to measure the energy of hadronic
interactions.

Together with the EM calorimeter, the TileCal and HEC provide a design energy
resolution for jets of [113]:

50%

0/E~ —=®3% 3.10
E(GeV) (3.10)

and response linearity within 1-2% up to few TeV. The design resolution of the FCal
is [114]:

o/~ — 0% 4109 (3.11)

E(GeV)

3.2.5 Muon spectrometer

Muons are the only particles having a dedicated sub-detector able, thanks to
the dedicated toroidal magnets, to perform precise measurements of the momenta
without requiring information from the inner detector. This is crucial for a fast event
triggering (more details about trigger in Section 3.2.6). The muon spectrometer [115]
is placed outside the calorimeters and consists of a system of precision tracking gas
chambers and fast-tracking chambers for triggering. A schematic overview of the
muon spectrometer is given in Figure 3.9. As said before, this part of the detector
works within a dedicated magnetic field generated by three large superconducting
air-core toroid magnets, each with eight coils. The magnetic field of 4T is mostly
orthogonal to the muon trajectories to minimize the multiple scattering that would
imply a degradation of resolution. This means that, contrary to what happens in the
inner detector, muons are bent in the R — z plane. In the barrel region, tracks are mea-
sured in chambers arranged in three cylindrical layers around the beam axis; in the
transition and end-cap regions, the chambers are installed in planes perpendicular
to the beam, also in three layers. The chambers are divided in tracking chambers, with
high granularity to allow for precise measurements of the momenta, and triggering
chambers with coarser granularity but faster response used for the online triggering
of the muon events and their association to a specific bunch crossing. The momenta
are measured by the Monitored Drift Tubes (MDT’s) and the Cathode Strip Cham-
bers (CSC’s). The MDT'’s are installed on most of the 77 range and provide a precision
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FIGURE 3.9 — Overview of the ATLAS muon spectrometer.

measurement of the track coordinates in the principal bending direction of the mag-
netic field (z), with a precision of 35 ym. The chambers consist of two groups of
tubes separated by a mechanical support covering the pseudo-rapidity region up to
|7] = 2.7. On the contrary, the CSC’s are located only in the innermost end-cap layer,
at large pseudorapidities (2 < |y| = 2.7), and they consist of multiwire proportional
chambers with cathodes segmented into strips with high granularity to fulfill rate
and background rejection requests. They can provide both R and ¢ direction mea-
surements with a precision of 40 ym and 10 mm respectively. The performance of
the muon spectrometer in terms of transverse momentum resolution varies between
3% and 12%, for pr values between 10 GeV and 1000 GeV. The spectrometer can
measure muon momenta with adequate momentum resolution and excellent charge
identification in the range between ~3 GeV and ~3 TeV. At lower energies the res-
olution is improved adding the information of the tracks reconstructed in the inner
detector.

The trigger system is made by the Resistive Plate Chambers (RPC’s), used in the bar-
rel region, and Thin Gap Chambers (TGC’s), in the end-cap regions. The RPC’s are
made of parallel electrode plates and gas-filled gaps covering the region || = 1.05.
A spatial resolution of ~ 10 mm is achieved in both z and ¢ directions. The TGC'’s are
multi-wire proportional chambers placed in the end-cap wheels (1.05 < |y| = 2.7).
Their main feature is that the wire-to-cathode distance is smaller than the wire-to-
wire distance, to ensure a fast collecting time. The intrinsic time resolution of the
trigger components is 1.5 ns for the RPC’s and 4 ns for the TGC’s. The identification
of the correct bunch crossing is performed with an accuracy of 99% [115].

3.2.6 Trigger System

With the current LHC filling scheme, the number of proton-proton collisions ob-
served by the ATLAS detector can be up to 1.7 billion collisions per second, poten-
tially leading to a volume of more than 60 million megabytes per second. However,
only a few of these events will contain interesting characteristics for physics analy-
ses. A complex triggering system that stores only those events of interest is therefore
vital for the manageability of the final recorded volume of data.

The ATLAS experiment uses a complex Trigger and Data Acquisition (collectively
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TDAQ) [116] system to manage the selections of events, needed to reduce the in-
formation rate from 40 MHz to ~1 kHz for permanent storage. The trigger system
was originally designed to have three distinct levels: LVL1, LVL2, and the event fil-
ter. Each trigger level refines the decisions made at the previous level and, where
necessary, applies additional selection criteria. The level-1 (LVL1) [117] trigger is
based on custom-built electronics, and it makes an initial selection based on reduced-
granularity information from just a subset of detectors. In particular, muons are
identified using the muon trigger chambers, while the other particle selections are
based on reduced-granularity information from the calorimeters (EM and hadronic;
barrel, endcap and forward).

The LVL1 trigger decision is based on combinations of objects required in coinci-
dence or veto. The system takes around 2 us to take a decision, so the information
about the next events must be stored in memory pipelines between the detectors and
the LVL1 trigger. The frequency of the LVL1 is defined by the frequency at which
the front-end systems can accept LVL1 triggers (limited to 100 kHz). An essential re-
quirement on the LVL1 trigger is that it should uniquely identify the bunch-crossing
of interest. The level-2 (LVL2) analyses the information of the subset of detectors
only in the Regions of Interest (Rol) identified by the first level trigger, but using the
full granularity of each detector. This level of trigger takes ~10 ms to take a deci-
sion. The events passing also the LVL2 selection are fully analysed in the third level
trigger (Event Filter), which uses the same offline algorithms and methods, calibra-
tion and alignment information (including the magnetic field map), just adapted to
the offline environment. The EF makes the final selection of physics events, so the
events passing this selection are written on mass storage for subsequent full offline
analysis. The output rate from LVL2 should then be reduced by an order of mag-
nitude, giving a final output frequency of ~1 kHz. In Run-2 the trigger system has
been modified to just two levels, the LVL1 and a High Level Trigger (HLT), which
unifies LVL2 and EF in one level. Contrary to the LVL1, the HLT is entirely based on
software algorithms running on commercial farms of PCs [118].

Luminosity detectors

A series of online and offline luminosity monitors are constantly providing infor-
mation on the luminosity delivered by LHC. The Beam Condition Monitors (BCM’s)
[119] are 1 cm? diamond detectors located at z = 4184 cm around the beam pipe.
They have a fast time response of 0.7 ps to provide online luminosity information
for each bunch crossing. They are also used to detect the beam losses. An automatic
beam dump based on the BCM’s measurements is induced in case of extensive beam
losses, to protect the inner detector from uncontrolled beams. A complementary lu-
minosity detector is LUCID [93], a Cherenkov detector of 16 aluminium tubes sur-
rounding the beam at 17 m from the interaction point. The tubes are filled with C4F
and coupled to photomultipliers.

In addition, off-line cross-checks are performed using information from other sub-
detectors. For example, by counting the number of reconstructed primary vertices
in the ID or by measuring the integrated signal from the Tile and the FCal. Overall,
the final uncertainty on the integrated luminosity is of the order a 1-2% per cent,
depending on the data taking period [120].

The integrated luminosity for the full Run-2 data taking period is shown in Fig-
ure 3.10. The small difference between the luminosity delivered by LHC and that
collected by ATLAS is mainly due to the slow ramping up of the voltages at the
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beginning of the stable beam conditions, or to the dead time® of the detector data
acquisition system. In addition, the data are retained for physics analysis only when
they are flagged as ‘good quality data’, meaning that they were recorded when all
the subdetectors were fully functional, leading to an additional inefficiency. Table
3.2 summarizes these three integrated luminosities for each year of the Run-2 data-
taking period.

year | LHC delivered | ATLAS recorded | ATLAS ‘good’ quality
2015 42 fb 1 39fb! 32fb !
2016 38.5 b1 35.6 b1 33.6 b1
2017 50.2 fb—! 46.9 fb—1 43.6 fb~!
2018 63.3 b1 60.6 fb~1 58.5 fb~!
Total 156.2 fb~ 1 147.0 fb~ 1T 1389 fb !

TABLE 3.2 — Integrated luminosity for each year of data-taking.
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FIGURE 3.10 — Cumulative luminosity versus time delivered to ATLAS (green),
recorded by ATLAS (yellow), and certified to be good quality data (blue) during sta-
ble beams for pp collisions at 13 TeV center of mass energy in 2015-2018. The complete
pp data sample in 2018 is shown. The All Good Data Quality criteria require all recon-
structed physics objects to be of good data quality.

6. In case of unexpectedly high rates of events, the trigger and DAQ system are not able to process
the data correctly and some data are lost.
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4 | Reconstruction of physics
objects

In order to ensure a good reconstruction of the event, the detector must be able
to identify and measure the kinematic properties of a large spectrum of particles
produced in the collisions over a wide energy range (from few GeV to TeV). This in-
cludes charged leptons, photons and particles in jets produced by the hadronisation
of quarks and gluons as well as neutral particles, like neutrinos, measurable only
through indirect detection. All these particles are reconstructed starting from the
recorded electronic signal in the different sub-detectors (or from the energy imbal-
ance for the neutral particles). The procedure to convert these electronic signatures
in the detector in fully reconstructed particles is complex and undergoes different
steps.

The first step aims at reconstructing the signatures in the different sub-detectors,
also defined detector objects, mainly tracks, energy clusters or in some cases combined
objects (particle-flow). Then, these simple detector objects are used as inputs to a
series of algorithms and techniques which combine them to obtain the reconstructed
physics objects, such as muon, electron, jet candidates, missing transverse momentum
and so on. At this stage, many physics quantities, such as momentum, position and
charge of the physics object are fully determined, but ambiguities in the particle-
type still arise. For this reason, once the object candidates are reconstructed, their
properties are combined in particle identification schemes to uniquely assign them to a
specific particle-type. The efficiency of this reconstruction and identification chain is
crucial to minimize the misclassification and achieve a reliable event reconstruction.

Usually, the event reconstruction involves different types of physics objects. For
example, the VH,H — bb analysis uses electrons, muons, jets and missing trans-
verse energy, but not photons. This Chapter summarizes the techniques used to
reconstruct and identify these objects, with a brief description of the systematic un-
certainties associated with their use in the analysis.

4.1 Tracking and Vertex reconstruction

Reconstructed charged-particle tracks are key ingredients for all physics anal-
yses. They are extensively used in many aspects, like the primary and secondary
vertex reconstruction, object reconstruction (i.e. electrons, muons, jets) or the sup-
pression of pile-up jets. Tracks are built assembling collections of hits in the inner
detector, using different pattern recognition algorithms [121]. The procedure starts
from track seeds in the silicon part of the tracker, which are then extrapolated out-
wards to the full tracker. At least 7 hits in the silicon detectors (so the sum of the
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pixel detector and the SCT) are required to build a track seed. This requirement en-
sures good discrimination between true and fake tracks, as well as good spatial and
momentum resolution. The track seed is then extended outwards to the TRT hits to
complete the track candidate.

The track building is based on the combinatorial Kalman Filter (KF) method [122].
Starting from a particle seed, a vector of 5 track parameters is built to describe the
track. The variables of the track state vector are:

The transverse impact parameter dy: the projection of the point of closest ap-
proach to the beam axis in the transverse plane. The transverse impact parameter
resolution of the Inner Detector (ID) is approximately [123] :

o(dy) = 90pum(GeV/c)

@ 12.5pum. (4.1)
The addition of the IBL to the ID between Run-1 and Run-2 improved the resolution
by roughly a factor of two at low pr (<1 GeV) in the full 7 range [124], as shown in
Figure 4.1.

The longitudinal impact parameter zj: the distance between the projection of
the point of closest approach to the beam axis and the nominal interaction point on
the z axis. As shown in Figure 4.1, the addition of the IBL improved by roughly a
factor two the resolution of this parameter in the full pr and 7 range.

The transverse momentum (q/ pr): pr is the transverse momentum expressed in
GeV, while g is the charge of the particle. As said in Section 3.2.1, the ID is immersed
in a 2T magnetic field, therefore charged particles are bent in the transverse plane, so
the overall trajectory follows a helicoidal path. The q/pr quantifies the curvature of
the particle tracks in the transverse plane (pr « gBr with r the radius of curvature,
for relativistic particles in a magnetic field B perpendicular to pr), crucial for the
TRT extrapolation. It is invariant under Lorentz boosts along the z direction.

The track azimuthal angle ¢: the direction of the track in the R — ¢ plane at the
point of closest approach.

The track polar angle 0: the direction of the track in the R — z plane at the point
of closest approach.

An illustration of the track helix parameters is given in Figure 4.2. The KF al-
gorithm proceeds iteratively updating the estimated track position and direction
adding information from each successive layer of the ID. The best estimation of the
state vector variables for each specific layer is the weighted (on the uncertainty) av-
erage between prediction and measured hit.

This generic algorithm works well for hadron tracks reconstruction, but is not suit-
able for electrons, due to bremsstrahlung effects. For all the tracks corresponding
to an electron candidate another algorithm called Gaussian Sum Filter (GSF) [125]
is used to perform the electron track reconstruction. In ATLAS, the KF algorithm is
first applied to all the tracks and then the tracks loosely matched to an ECAL seed
cluster are re-fitted with the GSF algorithm for a better estimation of the track pa-
rameters. The GSF is a way to adapt the Kalman filter to non Gaussian noise. The
energy loss distribution is reproduced using a convolution of n different Gaussians
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FIGURE 4.1 — In Red, (top) transverse and (bottom) longitudinal impact parameter res-
olution measured from data in 2015 at /s = 13 TeV, with the Inner Detector including
the IBL, (a)-(c) as a function of pr, for values of 0.0 < # < 0.2, and (b)-(d) # for values
of 0.4 < pr < 0.5 GeV, compared to that measured from data in 2012 at /s = 8 TeV
without the IBL (black) [124].
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(6 in ATLAS) and then the KF algorithm is applied to each Gaussian. The final out-
put is a set of n probability distribution functions, one set for each of the parameters
in the vector state. The parameters can be estimated either as the global weighted
mean ("weight") or as the value of the highest weight Gaussian ("mode").

track

FIGURE 4.2 — Illustration of the track helix parameters defined in the perigee represen-
tation in the ATLAS detector.

The primary vertex is defined as the initial colliding point between two partons
from individual proton-proton collisions. In the case of high pile-up, multiple inter-
action vertices occur at the same time leading to increased complexity in the track-
vertex matching procedure. A new approach has been introduced in Run-2, inspired
by medical imaging. The primary vertices are reconstructed using a 3D imaging algo-
rithm [126], which simultaneously attempts to identify all possible vertex locations
along the bunch crossing considering all tracks as input. These locations are then
used as vertex seeds for the vertex fitting processes. Tracks are assigned to the seed
which is closer to their trajectory, and an iterative procedure is applied to remove the
tracks not compatible with that vertex position. The primary vertex is determined
as the one with the highest sum of the transverse momenta squared (p3) of all as-
sociated tracks. The efficiency of the vertex matching algorithm has been measured
on tt events at 4 = (30) to be ~ 99% [126]. Other vertex fitting algorithms are used
to identify secondary and tertiary vertices, which are mainly coming from heavy
hadron decays. More details on how to determine the secondary vertices are given
in Section 5.1.3.

4.2 Electrons

Electrons are reconstructed matching a cluster of neighbouring cells of the EM
calorimeter with reconstructed tracks in the inner tracker [127]. The electron energy
reconstruction is complicated by the possibility of bremsstrahlung emission when
the electron interacts with service material, like the beam pipe or the supporting
material of the tracking system. In Run-1 and beginning of Run-2 electrons were
reconstructed using a sliding-window algorithm with a 0.075 x 0.175 = Ay x A¢
tixed size tower matrix, corresponding to 3 x 7 cells of the middle layer in the barrel.
The cluster window was larger in ¢ than in 77 because the magnetic field bends the
charged particles in the R — ¢ plane, so the resulting shower spreads more in that
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direction. This spread is enhanced for low energy particles, which are bent more by
the magnetic field. For low energy electrons the spread is so large that a separation
of the shower in different sub-clusters can be observed.

In the endcaps the sliding-window algorithm has a fixed size matrix of 5 x 5 cells.
The number of cells is higher in # because the value of Ay = 0.025 converts in a
smaller physical size of the cells than in the barrel, while in ¢ the number of cells is
reduced because the effect of the magnetic field is smaller than in the barrel.

The cluster energy was then corrected via software algorithms to account for
leakages and fluctuations in the energy deposit. The position of the incoming parti-
cle was estimated as the weighted average of all the cells in the cluster !, using the
deposited energy per cell as weight. The sliding window algorithm was the nominal
electron reconstruction algorithm used for the study in Chapter 6.

An alternative method based on varying size topological clusters (topo-clusters)
[128] has been recently introduced to substitute the sliding-window algorithm. The
main advantages of this method are an improved treatment of the bremsstrahlung
induced sub-clusters, which lowers the limit to reconstruct showers down to the
O(100 MeV) range in energy, and an improved capability to reconstruct the actual
shower shape development of the EM showers even in the longitudinal direction,
both leading to an overall improvement in the energy resolution.

The primary clusters, containing the highest fraction of energy, and the bremsstrah-
lung induced sub-clusters, are all reconstructed from so-called topo- cluster seeds.

The seeding of topo-clusters is based on the so-called cell significance {3, computed
as:
EEM
gcell p/feu ’ (4'2)
noise,cell

with |EEM| the absolute cell energy and o, 01se 11 the expected noise in the cell. The

topo-cluster seed candidates (proto-clusters) are selected requiring (¥ > 4, using
only cells from the second and third layers of the EM calorimeter to suppress pure-
noise clusters. The neighbouring cells with significance {EY > 2 are iteratively
added to the proto-cluster proceeding outward from the seeding initial cell. Once
all the cells with cell significance above 2 are added, an additional layer of neigh-
bouring cells with ¢, EM > 0 is added to the cluster to better control the activity at the

cell
edges. The topo-clusters are merged if they share a common cell with {EM > 2, but

they can also be split into separate clusters if they contain two or more locggl maxima
with EEM > 500 MeV 2. This split happens only if the maximum cells are left with at
least 4 ne1ghbours and none of the neighbours have larger signal.

The capability to select clusters originating from true electromagnetic showers
can be enhanced by tightening the requirements on the fraction of cluster energy in
the EM calorimeter. The variable used for this purpose is the electromagnetic frac-
tion fem, defined as the ratio of the energy deposited in the electromagnetic layers,

over the total cluster energy Ei.,) which includes also the hadronic component:

Ei1+Eio+ Ei3+w- (Egs + Eps)

, (4.3)
Etotal

fem =

1. Plus additional corrections, such as "s-shape" or ¢ corrections. More details are given in Ref.
[108].

2. A fractional weight proportional to the total energies of the two clusters and the distance of the
cell from the center of gravity of the two clusters is assigned to the cells that are shared across the two
topo-clusters after the split.
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with Ej the energy deposited in the layer x of the EM calorimeter, and w a binary
parameter equal to 1 in the region 1.37 < |y| < 1.63 and 0 elsewhere, to recover
the non-negligible losses in the pre-sampler and in the E4 scintillators placed in the
barrel-endcaps transition region. The electromagnetic fraction is expected to be close
to 1 for electrons and lower for hadrons (i.e. pions). Furthermore, topo-clusters are
accepted only if their total transverse energy fulfills the requirement Ey > 400 MeV,
to reduce the contamination from pile-up and 7 — <+ decays. This threshold was
set from studies presented in Ref. [129] and Ref. [130]. An optimal threshold for the
EM fraction of fgm > 0.5 has been chosen as the best trade-off between high pile-up
suppression (~ 60%) and high topo-cluster selection efficiency [128]. Overall, the
varying size clusters collect more energy than the sliding window clusters, so fewer
corrections from energy losses before and inside the calorimeter are required.
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FIGURE 4.3 — Diagram of an example supercluster showing a seed electron cluster and
a satellite photon cluster [128].

Once tracks and clusters are reconstructed, they are matched together by ded-
icated algorithms to build the final electron candidates. Both the sliding-window
clusters and the superclusters are treated in the same way by the track-cluster match-
ing algorithm. A series of geometric requirements are imposed to perform the match-
ing. In particular:

- The distance in 17 between the ECAL reconstructed position and the extrapo-
lated position from the track parameters must be lower than 0.05 for silicon
tracks.

- The distance in ¢ must be lower than 0.2 in the bending direction and 0.05 in
the opposite side.

- TRT-only tracks, i.e. tracks with less than four hits in the silicon detectors, are
retained with stricter requirements in the 7 — ¢ minimum distance, and later
used just to reconstruct converted photons.

In this procedure, more than one track can be associated with a cluster. Priorities
based on track quality are imposed to solve these ambiguities [131]. In case multi-
ple clusters are associated with a single track, the cluster with the highest energy is
selected since the others might come from bremsstrahlung. An electron candidate is
considered to be reconstructed if at least one track is matched to the seed cluster. In
the absence of a matching track, the cluster is classified as an unconverted photon
candidate. Converted photons behave like electron candidates, but they are recov-
ered in the previous step imposing conditions on the tracks [131].

In the topo-cluster method, the bremsstrahlung losses are recovered by the forma-
tion of superclusters after the track-cluster matching. The topo-clusters are divided
into possible supercluster seeds and satellite clusters, formed in the bremsstrahlung
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process. A cluster becomes an electron supercluster seed if it has a minimum of 1
GeV and a track with at least 4 hits in the silicon detector. All the remaining clusters
are considered as possible satellite clusters. If a satellite cluster falls within a win-
dow of Ay x A¢ = 0.075 x 0.125 from a seed cluster barycenter?, it is considered
as a secondary EM shower originated by the same electron candidate and the two
clusters are merged in one single super-cluster. The procedure is repeated iteratively
sorting the clusters in pr until all the available clusters are considered.

4.2.1 Identification algorithms

Once the electron candidates are built by the reconstruction algorithm, the sec-
ond step is the identification of these candidates. This is achieved by applying selec-
tion criteria based on a set of discriminating variables having different distributions
for signal and background [127]. The variables providing discriminating power are
grouped into three main categories:

- Calorimetric variables, to separate real electrons and photons from misiden-
tified jets. They are based on the transverse and longitudinal shape of the
shower in the ECAL and the energy fraction in the HCAL.

- Tracking variables, are fundamental to recover the converted photons and to
improve the rejection power of charged hadrons for electrons.

- Track-cluster variables, which compare measurements of the ECAL and the
Tracker, such as track-cluster matching or energy-momentum matching.

Three sets of reference selection criteria, labelled loose, medium and tight identifi-
cation are defined. These criteria are designed in a hierarchical way so as to provide
increasing background-rejection power at some cost in identification efficiency: the
tighter the criteria, the purer in signal is the sample, but the smaller the efficiency.
The operating points are inclusive, such that the loose is a subset ofthe medium,
which in turn is a subset of the tight.

The nominal ATLAS electron identification algorithm is based on a multivariate ap-
proach. The idea is to combine different shower shape and tracking variables to
best discriminate isolated electrons, considered as signal, from background elec-
trons originating from photon conversion, heavy flavour decays or from misiden-
tified hadrons. In particular, a Likelihood method (LH) is used to combine multiple
probability density functions (PDF), one for each discriminating variable, simulta-
neously. Based on these PDFs, an overall probability is calculated for the object to
be signal or background. The signal and background probabilities for a given elec-
tron are then combined in a unique output discriminant d;. A series of tightening
thresholds on the d; likelihood is then applied to identify the candidate as a loose-
LH, medium-LH or tight-LH electron.

The identification efficiencies for electrons at 40 GeV are 75% for the tightest operat-
ing point to 90% for the loosest, as visible in Figure 4.4. The difference in efficiency
between barrel and end-caps is between 3% and ~ 10%. The electron identification
efficiencies in simulation are matched to the ones in data using MC correction scale
factors computed on pure samples of Z — ee events with the Tag-and-Probe method
[127]. The scale factors are typically close to unity, with uncertainties calculated at
the per-mil level.

3. Electrons undergo an additional search with an enlarged window of A¢ = 0.125 x 0.3 around
the seed cluster barycenter, since the bremsstrahlung can occur earlier.
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FIGURE 4.4 — Measured LH electron-identification efficiencies in Z — ee events for the
Loose (blue circle), Medium (red square), and Tight (black triangle) operating points as
a function of E1 (a) and # (b). The vertical uncertainty bars (barely visible because they
are small) represent the statistical (inner bars) and total (outer bars) uncertainties. The
data efficiencies are obtained by applying data-to-simulation efficiency ratios that are
measured in |/ — ee and Z — ee events to the Z — ee simulation. For both plots, the
bottom panel shows the data-to-simulation ratios. [127]

4.2.2 Isolation

One of the main sources of background for prompt electrons at LHC comes from
real electrons in jets, produced by in-flight hadron decays. Many of these events
are not rejected with identification algorithms, because they are real electrons. This
source of background can be suppressed requiring the electron candidate to be iso-
lated from nearby hadronic activity. Two types of isolation requirements are de-
fined: the calorimeter-isolation and the track-isolation, depending on the detector
involved. The calorimeter isolation, also called cluster isolation, is performed sum-
ming all the transverse energy contributions from the HCAL and the ECAL in a
small cone around the particle candidate of radius AR, requiring that the total energy
(E'*°) does not exceed a certain threshold. The contribution from the particle candi-
date itself is subtracted before the calculation. This procedure is sensitive to pile-up
effects and underlying events so corrections must be applied to maintain the same
isolation efficiency even in the regions of higher pile-up. The correction is evaluated
multiplying the effective area of the isolation cone A,fs by a correction term py£(7),
defined as the ambient transverse energy density. This term takes into account the
average energy from underlying events and pile-up, evaluated from jet-finding al-
gorithms [132]. This algorithm reconstructs all the jets (see Section 4.4) without any
transverse momentum threshold in the region || < 1.5and 1.5 < || < 3.0, starting
from seed clusters in the calorimeters. The pye(7) is evaluated as the median of the

transverse energies p];t/ Ajet- The typical correction is 2 GeV in the central region
and 1.5 GeV in the forward region. The track-based isolation consists in the scalar
sum of the pr of all the tracks in a cone of variable size around the particle candi-
date trajectory, considering only tracks from the primary vertex. The three isolation
working points relevant for the electron energy calibration and the VH, H — bb
analysis are:
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The Loose-Track isolation, based on variable track isolation requirements de-
pending on pr nd #, optimised to keep the efficiency equal to 99% for real electrons
across the full pr range.

The HighPt-Calo isolation, optimised on fixed radius isolation requirements,
meaning that the sum of the energy in the calorimeter within a cone of radius AR =
0.2, excluded the energy associated with the electron candidate, must not exceed the
3.5 GeV or 0.015p7. This gives an efficiency around 95% for pr values from 50 GeV
to 1 TeV [127].

The Fixed-Cut Loose isolation, optimised on fixed radius isolation requirements.
The ratio between the sum of the energy in the calorimeter within a cone of radius
AR = 0.2, excluded the energy associated with the electron candidate, and the pr
of the electron must not exceed 0.2. This is combined with a requirement on track
isolation: the ratio between the sum of the pr associated with tracks within a cone
of radius AR = 0.2, excluded the one associated with the electron candidate, and the
pr of the electron must not exceed 0.15.

The isolation efficiencies have been measured for all the isolation working points
using Z — ee events [127] in the momentum range 4.5 - 500 GeV. Isolation scale fac-
tors are applied to the simulation in order to match the efficiency of the isolation
requirements in data. The corrections are computed using a tag and probe tech-
niques with large statistics sample of Z — ee decays. The scale factors are close to
unity with uncertainties mostly at the per-mil level for pr > 10 GeV, while in the
low part of the spectrum (5 — 10 GeV) the uncertainties increase with values up to
5-8%.

4.3 Muons

Muons are reconstructed from signatures in the muon spectrometer and tracks in
the inner detector [133]. Four main strategies are adopted to reconstruct and iden-
tify muons. The first one is a direct approach where muons are reconstructed as
standalone muons using mainly the information of the muon spectrometer, while the
second one combines the tracks measured in the muon spectrometer and in the inner
detector to extract a single candidate from the two independent measurements. The
combined muon strategy significantly reduces the rate of non-prompt muons origi-
nating from 7t and K decays. The drawback is that it can only be applied to a reduced
region of the acceptance (|77| < 2.5), due to the limited coverage of the ID. A x2,_
fit is used to match hits in the muon spectrometer with hits in the ID. The x? reflects
the probability for the track parameters of the ID and MS to be compatible with each
other within their experimental uncertainties.

A third strategy is adopted for low pr muons or muons crossing regions of the MS
with reduced acceptance, such that just a few layers of the MS are crossed. In these
cases, a variant of the combined muon algorithm, mainly based on ID tracks, is de-
fined to recover these muons. These are referred to as segment-tagged muons and
they are built matching a high-quality ID track to at least one local track in the MDT
or CSC chambers.

Due to the supporting structure of the ATLAS detector and services for the ID, the
MS has a gap in the acceptance for || < 0.1. Thus, a fourth strategy is used to
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recover efficiency in this region: muons are reconstructed matching tracks in the
ID with energies in the calorimeters compatible with minimum ionizing particles
(MIP), so very localized deposits of two or three cells. These are also referred to as
calorimeter-tagged (CaloTag) muons.

The overall reconstruction efficiency summing all these methods is above 99%
for || < 2.7 in the range 5 < pr < 100 GeV [133]. The reconstruction efficiency is
measured from Z — up and J/¢ — uu events at the per-mil precision and, as for
electrons, reconstruction efficiency scale factors are computed to match the efficiency
measured in data and simulation.

The calibration of the muon momentum resolution and scale is obtained from
a large sample of Z — pp and J/¢ — up events with a simultaneous template
fit in different pr and # bins similar to what will be described in Chapter 6 [133].
Figure 4.5 shows the Z — up mass peak in data and MC after the energy scale and
resolution corrections have been applied.
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FIGURE 4.5 — Dimuon invariant mass distribution of Z — pyu candidate events recon-
structed with combined muons out of 4.0 fb~! of proton-proton collision data collected in
2018. The upper panels show the invariant mass distribution for data and for the signal
simulation plus the background estimate. The points show the data. The continuous
line corresponds to the simulation with the momentum corrections (derived from the
2016 dataset) applied. The band represents the effect of the systematic uncertainties on
the momentum corrections. The lower panels show the data to simulation ratios. The
simulation distributions are normalised to the data[134].

4.3.1 Identification

The identification algorithms aim at efficiently disentangling "prompt" muons
coming from boson decays or semi-leptonic decays of heavy flavour hadrons, from
non-prompt muons produced by in-flight pion and kaon decays or fake muons, such
as charged hadrons punching through the HCAL. The muon identification makes no
difference between muons produced in the hard scattering and muons produced in
semi-leptonic decays, this is done at analysis level adding isolation requirements
(see next Section) and cuts on dy and z.
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The following criteria are applied to suppress pion and kaon decays or the fake
component:
- Muon candidates need to have high-quality ID tracks, with at least one hit in
the pixel detector and at least 5 hits in the SCT detector, with less than 3 holes.
This is useful to reduce the fake component.

- Non-prompt muons from late pion and kaon decays are usually originated
in-flight, with consequent degradation of the track-matching quality x2,,, in
case of combined muons. In addition to the x? , , value, the quality of the fit
is estimated computing the significance of the q/p balance*, defined as the
significance of the absolute difference between the charge-over-momentum
measurements performed in the ID and the MS. Real muons are expected
to have 03/, values around zero, while in case of 7t or K decays q/p can be
different in the MS and ID.

- Additionally, the ratio of the absolute momentum balance, defined as the dif-
ference piP — pS, to the transverse momentum of the combined track (p$2)
provides good discrimination against fake muons. This is again valid only
for combined muons.

Four muon identification selections are defined as medium-ID, loose-ID, tight-ID and
High-pr. Loose, medium, and tight IDs are defined as inclusive categories so, as
for electrons, the tighter requirement is a sub-set of the looser categories. The loose
ID criterion is designed to maximize the reconstruction efficiency, combining all the
four muon definitions in the highest acceptance region || < 2.7. The medium ID
criterion on the contrary considers only combined muons and standalone muons.
The tight ID considers only combined muons passing the medium ID, furthermore
the requirement on x2,_,, and the q/p significance are tightened to minimize the
number of fake muons. At last, the high-pr working point is optimised to improve
the momentum resolution for muons above 100 GeV. It is based on combined muons
passing the medium ID requirement, but in addition the MS tracks must have hits
in at least three different MDT or CSC layers and the regions of poor alignment of
the chambers are vetoed for precaution.

The identification efficiency of a muon in the 20 < pr < 100 GeV range and
ln| < 2.7 is 98%, 96% and 92% for the loose, medium and tight ID requirements
respectively, as can be seen in Figure 4.6. The drop in acceptance around 7 < 0.1
described before has a 15-20% impact on the identification efficiency of the medium
and tight ID working points. For the high-pr working point (> 100 GeV) the iden-
tification efficiency is 80% [133], with minimal # dependence. The measurement has
been performed with a tag and probe method on Z — uu events with uncertainties
below 0.1% over a large momentum range, and reaching up to ~ 1% for low muon
momenta.

4.3.2 Isolation

Asin the case of electrons, additional rejection power against non-prompt muons
inside jets is achieved using isolation criteria. Seven isolation criteria are defined,
mainly based on the following three isolation variables:

(9/p)™—(q/p)'®
VIe(a/p)M2+[o(q/p) P2

4. This variable is calculated as: Og/p =
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FIGURE 4.6 — (a) Muon reconstruction efficiency for the Medium identification algo-
rithm measured as a function of the pr of the muon in the region 0.1 < || < 2.5 and
(b) Muon reconstruction efficiencies for the Loose/Medium/Tight identification algo-
rithms as a function of the muon pseudorapidity for muons with pr > 10 GeV. The
results are measured in Z — upu event, using the full pp collision dataset collected in
2018 at 13 TeV. Open circles: prediction by the detector simulation. Filled dots: the ob-
servation in collision data with statistical uncertainties. The bottom panel shows the
ratio between expected and observed efficiencies, while the errors show the quadratic
sum of statistical and systematic uncertainties. [135].

- Calorimeter isolation: defined as the sum of the transverse momenta of all the
topological clusters within a cone of radius AR around the muon axis, typi-

cally fixed to 0.2.

- Variable radius track isolation: defined as the sum of the transverse momenta
of all the tracks within a cone of radius AR = min(x,10GeV/pr) around the
muon track, with pr the transverse momentum of the muon candidate and x
a choosen value of the radius, typically 0.3 or 0.2.

- Fixed radius track isolation: defined as the sum of the transverse momenta of
all the tracks within a cone of radius AR = 0.2 around the muon track.

The two isolation working points relevant for the VH, H — bb analysis are:

The Loose-Track isolation, based on variable track isolation requirements de-
pending on pr, optimised to keep the efficiency equal to 99% for prompt muons

across the full pr range.

The HighPt-Track isolation, optimised on fixed radius isolation requirements,

which gives a prompt muon efficiency of around

95%, depending on 7 and pr.

The isolation efficiency of all the isolation working points has been measured in
the momentum range 10-120 GeV using Z — uu events [133]. At the same time,
scale factors have been derived to correct the muon isolation efficiency in simulation
to match the measured values in data for each working point. The scale factors are
compatible with unity with uncertainties varying between 2% and 0.5%.
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4.4 Jets

Jets are collimated sprays of particles produced in the hadronization of quarks.

Jets are reconstructed from the energy deposits in both the EM and hadronic calorime-
ters. The energy deposits are first merged into clusters to define the contributions
of the single hadrons and then the full jet structure is reconstructed using the anti-k;
algorithm [132].
The calorimeter clusters are reconstructed using the same formalism of topological-
clusters [136] described in Section 4.2 for the electron cluster reconstruction. In fact,
at sub-detector level the quantities are computed without distinguishing between
particle-type candidates, therefore the topo-cluster seeds are shared between jets and
electrons. To summarize, they are formed summing together cells with a significant
amount of signal above the noise, based on the cell significance variable defined in
Equation 4.2. The lower thresholds on the cell significance are set to 4, 2 and 0 for
the seed cell, the neighbouring cells and the additional contouring cells respectively.
This kind of jets are also identified as topo-cluster jets. However, the topo-clustering
is not the only algorithm used to define the inputs for the jet clustering algorithm.
An alternative possibility is to build the jets from the reconstructed tracks in the
detector. These jets are usually referred to as track jets [137] and they can be comple-
mentary used to extract information on the event, especially in boosted topologies.
The main feature of the track-based approach is the higher robustness to pile-up,
thanks to the better precision of the ID in measuring the longitudinal impact pa-
rameter zo. However, relying only on tracks completely ignores the treatment of the
neutral-hadron and photon component, which on the contrary is well accounted in
the calorimeter-based definition.

As said before, the algorithm used to combine the topo-clusters into jets is the
anti-k; jet clustering algorithm. Topo-clusters are clustered sequentially one at a
time, based on the following distance variables:

1 1 AR}
dij = min(——, ——)—2, (4.4)
= min )R
1
dip = kT' (4.5)
T,

with k() the transverse momentum of the cluster i (j), AR;; = \/(yi —j)? + (i — ¢;)?

the geometrical distance between two clusters, and R a fixed parameter of the algo-
rithm, related to the radius of the jet. The typical value used to reconstruct the jets
used for the VH, H — bb analysis is R = 0.4. Intuitively, the dz-]- variable defines the
distance between two clusters i, j, while d;p is the distance between a cluster i and
the beam. The clustering procedure is performed iteratively following these steps:
Compute min(d;;, d;p).

- It d;j is the smallest, the i and j four momenta are combined.

Else if d;p is the smallest, i is removed from the list of available topo-clusters
and it is denoted as "jet" in the event.

The procedure is repeated until all the available clusters are merged or marked
as jets.

A nice feature of the anti-k; algorithm is that the outcoming harder jets have a circu-
lar shape in the 17 — ¢ plane, as visible in Figure 4.7.
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anti-k,, R=1 |

FIGURE 4.7 — A sample parton-level event (generated with Herwig [138]) clustered with
the anti-k; algorithm, illustrating the "active" catchment areas of the resulting hard jets
[132].

4.4.1 Jet calibration

The jet energy calibration aims at recovering the real energy of the jet, starting
from the recorded energy in the detectors. These energy calibration corrections ac-
count for the non-homogeneous response of the detector, pile-up contaminations,
limiting factors in the jet reconstruction algorithm (i.e. out-of-cone corrections) or
the so-called "punch-through" jets. In addition, in-situ corrections are applied to
jets in data to account for the difference in jet response between data and MC sim-
ulation. The overall corrections are divided into Jet Energy Scale (JES) [139] and Jet
Energy Resolution (JER) [140] corrections. The final calibrated jet energy is obtained
after several sequential steps [141]:

Origin correction: The direction of topoclusters initially points back to the cen-
ter of the detector. The resolution in 77 can be improved by modifying the topoclus-
ter four-momentum to point back to the primary vertex of the hard scattering. No
changes in energy are applied at this stage.

Pile-up effects: The pile-up subtraction is performed in two steps. First, the av-
erage pile-up contribution is subtracted from the total jet energy. This contribution is
determined as a function of the active area of the jet (A), as pA with p the median pr
density (pr/A) of the reconstructed jets. The second correction aims at subtracting
the residual pile-up dependence. This extra correction depends on the exact number
of primary vertices (Npy) and the average number of interaction per bunch crossing

().

Absolute JES correction: The energy scale corrections are derived from MC sim-
ulation as Ereco/ Etruth [139]. The truth and the reconstructed jets are geometrically
matched within a cone of AR = 0.3. Isolation requirements are added to avoid am-
biguities during the truth matching. The Ejeco / Etruth distribution is supposed to be
Gaussian, so the best value of the scale is defined as the mean of the Gaussian fit to

5. Energetic jets extending beyond the hadronic calorimeter.



4.4. Jets 67

the Ereco/ Etrutn distribution. The scales are extracted in bins of Ey¢, and 7.

Absolute eta-intercalibration: The energy response differs across 7, especially
at boundaries between different calorimeter technologies and granularities. The for-
ward jets (0.8 < |r7| < 4.5) are calibrated with respect to hthe central part of the
detector by balancing their energy against the central jets (|| < 0.8).

Global Sequential Calibration (GSC): The GSC is a residual correction to com-
pensate for the different response of the calorimeters to quark-initiated and gluon-
initiated showers or to recover the energy from punch-through jets. The corrections
are derived matching the reco and truth distribution of five variables related to the
energy deposit in calorimeters, track information and muon segments.

In-situ calibration: This is the last step of the calibration chain. It corrects for
potential differences between data and simulation. The corrections are applied only
to data. The in-situ methods are extracted from well understood processes, like
v/ Z+jets or multijet events, where the energy of the well-calibrated reference ob-
jects (v or Z) are used to constrain the pr of the recoiling jet, using the conser-
vation of energy. The Z+jet balance technique is used to calibrate jets in the range
20 < pr < 500 GeV, while the y+jet balance calibration is used for jets in the range
36 < pr < 950 GeV. The multijet balance method, extends the calibration to the range
95 GeV < pr < 2 TeV by balancing the jet energy against a system of lower pr jets,
previously calibrated with the y/Z+jet balance. The jet energy scales and the jet en-
ergy resolution extracted with the three methods are shown in Figure 4.8.
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FIGURE 4.8 — (a) Data-to-simulation ratio of the average jet pr response as a function
of jet pr. The combined result is based on three in situ techniques: the Z+jet bal-
ance method (downward-pointing triangles), y+jet balance method (open squares) and
the multijet balance (open circles). The errors represent the statistical (inner error bars
and small inner band) and the total uncertainty (statistical and systematic uncertainties
added in quadrature, outer error bars and outer band). (b) The relative jet energy reso-
lution o(pr)/pr as a function of jet pr. The result is a combination of two in situ tech-
niques: the momentum balance of dijet events (triangles) or the random cone method
(not shown), which measures the noise term at low pr. These results apply to anti-kt
jets with R=0.4, reconstructed from electromagnetic-scale topo-clusters. The calibration
curve and its uncertainty are smoothed using a sliding Gaussian kernel [142, 143].
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The systematic uncertainties associated with the jet calibration are mainly com-
ing from the in-situ calibration methods. The in-situ uncertainties are derived by
varying different parameters, like the event selection, the MC generators or the iden-
tification criteria. These systematic uncertainties are evaluated separately for each
in-situ method (y, Z and multijet balance). Another important source of uncertainty
comes from the flavour dependence, both in terms of differences in the jet com-
position between quarks and gluons and in the jet response between quark- and
gluon-initiated jets. The remaining uncertainties come from pile-up, punch through
or y-intercalibration uncertainties. All these uncertainties result in variations of the
final jet energy scale, therefore they are also referred to as JES uncertainties. An
additional systematic uncertainty is added to account for the uncertainty on the jet
energy resolution (JER). This uncertainty is derived using the dijet balance technique
[140]. The main sources of uncertainty affecting JES and JER are shown in Figure 4.9
as a function of jet-pr.
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FIGURE 4.9 — (a) Fractional jet energy scale systematic uncertainty components as a
function of jet pr at # = 0.0 and (b) the uncertainty on the relative jet energy resolution,
defined as the uncertainty on o(pr)/pr, shown for # = 0.2 as a function of pr. The jets
are reconstructed from electromagnetic-scale topo-clusters with the anti-kt algorithm
with a radius parameter of R=0.4. The total uncertainty (all components summed in
quadrature) is shown as a filled region topped by a solid black line [142, 143].

4.4.2 Jet cleaning

The signal in the calorimeter is contaminated by in-time and out-of-time pileup.
The in-time pileup comes from additional pp interactions in the same bunch-crossing,
while the out-of-time pileup arises from energy deposits from previous and following
bunch crossings. On average, the pile-up contribution is subtracted from the total
transverse energy flow, however local fluctuations due to the sum of in-time and out-
of-time pileup may generate spurious jets. These jets have typically a lower pr and
a lower fraction of associated tracks from the primary vertex with respect to hard
scatter jets. A jet cleaning procedure is therefore applied to remove these spurious
jets from the event. The selection is based on a multivariate combination of jet vari-
ables, referred to as Jet Vertex Tagger (JVT) [144]. The input variables are defined in
such a way that the JVT output is stable as a function of the number of reconstructed
primary vertices in the event (Ny). In practice, the JVT algorithm combines differ-
ent track variables in a single Likelihood discriminant, which defines the probability
for a jet to come from pile-up or from the hard scattering with an output between 0
and 1. Based on studies presented in Ref. [144], a requirement at 0.59 was set as the
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default threshold for the jet cleaning selection in ATLAS. This JVT selection is 92%
efficient for hard scatter jets, with a 2% fake rate from pile-up jets.

4.4.3 Truth flavour labelling

The jets coming from simulation can be also defined by the flavour of the quark

from which they were initiated. In particular there is a distinction between:

- b-jets, containing at least one b-hadron,

- c-jets, containing at least one c-hadron and no b-hadrons,

- light-jets, containing no b- or c-hadrons. This category includes all the so-

called light contributions, so gluon, u,d and s initiated jets.

The labelling scheme is performed at truth level, using an exclusive AR matching.
The final state hadrons with pr > 5 GeV are matched to the closest jet in AR space,
scanning within a cone of AR < 0.3 from the jet axis. The truth label is determined
by counting the number and the type of heavy flavoured hadrons assigned to the jet,
looking at their truth particle ID.

4.5 Overlap removal

As mentioned in the previous Section, the offline reconstruction process is not ex-
clusive. In fact, the same sub-detector response can be assigned to different physics
objects at the same time, i.e. an energy deposit in the calorimeter can be shared by
both an electron and a jet candidate at the same time. Thus, a procedure called over-
lap removal (OR) must be used to solve these ambiguities. The algorithm is applied
to the object collections selected with the loosest identification requirements, fully
reconstructed and calibrated [145]. The following sequential procedure to remove
single object-types is applied:

Electron-muon: In the - rather rare - cases where a muon and an electron share
a track in the ID, the electron is removed, as it is considered as generated from a
converted photon radiated by the muon.

Jet-electron: jets being at angular distances AR < 0.2 from an electron are re-
moved. This arises from the fact that the energy deposits in the EM calorimeter are
always used as inputs for the jet reconstruction, regardless of the electron recon-
struction result. Without this step, almost all the electrons would be double-counted
as jets.

Electron-jet: After the previous step, electrons within a cone of AR < 0.4 from
a jet axis are removed, since in this case the electron is considered as coming from
semi-leptonic decays of heavy-flavoured hadrons.

Jet-muon: If a muon and a jet are found to be closer than AR < 0.2, the jet is
removed only if it has less than three tracks, because such a low track multiplicity
can be compatible with radiation effects from the muon.

Muon-jet: After the previous removal, if the remaining jet-muon pairs are found
to be closer than AR < 0.2, the muon is considered as a product of a semi-leptonic
heavy-flavour hadron decay, so it is removed and its energy is summed to the final
jet energy.
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4.6 Taus

Tau leptons (T) have a mean life time of 2.9 - 10713 5 [20], so they typically decay
before reaching the ATLAS active area. The taus can decay leptonically (T — fv,v;)
or hadronically (t —hadronsv;). The leptonic decays are not explicitly recognized,
since they are detected as prompt muons or electrons in the detector. On the con-
trary, the hadronic decays - which occur with a BR of 65% - can be used to explicitly
reconstruct T objects. The signature in the detector is reconstructed as a spray of
particles, also called T-jets, with high probability to contain one charged pion (75%)
or three charged pions (22%). The T-jets are reconstructed with the anti-k; algorithm
with a size parameter of R=0.4. In addition, the T-candidates are selected in the kine-
matic region with pr > 20 GeV and || < 2.5, and requiring one or three charged
tracks within a cone of R = 0.2 around the jet axis. A BDT-based tidentification is
used to reject the background from quark- and gluon-initiated jets [146].

4.7 Missing transverse momentum

Neutral weakly-interacting particles like neutrinos or dark matter particle can-
didates are expected to leave no direct signature in the detector. Their presence
can be only detected indirectly looking at the apparent imbalance of momentum
in the transverse plane. Following the conservation of momentum, the total trans-
verse momentum of all particles in the event should sum to zero, therefore the total
momentum associated with these non-interacting particles can be computed as the
negative vector sum of the momenta of the other detected particles. This quantity is
referred to as missing transverse momentum, E%‘iss. The same statement should be
true for the z component, but the longitudinal momenta of the colliding partons are
not known a priori, so the missing longitudinal momentum can not be computed.
The EM is computed combining the information from the calorimeters and the
muon spectrometer for all the hard objects, such as leptons, jets, photons and hadronic
T jets [147]. The calculation is sensitive to acceptance effects, object miscalibrations
and momentum mismeasurements, as well as pile-up contamination effects, which
can fake a missing transverse energy imbalance. The overall calculation is the sum
of the following terms:

miss __ pmiss,e miss,y miss, T miss, jets miss, j miss, soft
Ed) = Exy” T Ex)” TE) TEy) The Thy o @O

with E?Fys)s ") the (minus) x (y) components of the reconstructed and calibrated

physics objects (electrons and photons, taus, jets and muons). The E;niss’ soft

) com-
ponent accounts for the so-called soft-terms, defined as all the additiona(ljgignals not
associated with a reconstructed physics object. The double counting of the various
clusters is avoided by considering physics objects in the following specific order:
muons, electrons, photons, hadronic taus and finally jets [148]. The soft terms are
reconstructed as track-based soft terms (TST) or calorimeter-based soft terms (CST).
The track-based terms are reconstructed from ID tracks not associated with physics
objects, mainly coming from low momentum tracks. Additional criteria on the track-
to-vertex matching are required for these soft tracks to ensure a precise determina-
tion of their primary vertex. The calorimeter-based soft terms, on the contrary, are
computed from energy deposits in calorimeter cells. This method has the advan-
tage to account for both the charged and the neutral components of the soft terms,
at the price of a much higher pile-up contamination dependence. In fact, there is
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no way to uniquely associate the energy clusters to a specific primary vertex, due to
the very limited angular accuracy of the clusters, and therefore all the soft deposits
are summed in the calculation, including the pile-up clusters. Since TST are proved
to be more pile-up robust and with a much higher angular resolution than the CST,
they are used as the nominal way to compute the soft terms in ATLAS.

The overall missing transverse momentum is given by:

Erq{liss — \/(E;niss)Z + (Elyniss)z_ (4.7)

The systematic uncertainties on the EX come from the propagation of the energy
scale and resolution uncertainties of the reconstructed objects and the soft terms in
Equation 4.6. In particular, the first come from the single object computations, while
the latter have been evaluated on events with no real expected E%ﬁss, such as Z — ee
or Z — uu events with no additional jets with pr > 20 GeV as shown in Figure
4.10(a). More details are given in Ref. [149]. Overall, the resolution smearing of the
soft terms results in a variation of roughly 2% at low ET* and increasing up to 10%
at high ETiss [147]. Three EM® working points are provided: Loose, Medium and
Tight, corresponding to different requirements in the selection of jets used to calcu-
late the E%‘iss , as described in Ref. [150]. Overall, the resolution of El%‘iss depends on
the resolution of the single objects, with a dominating contribution coming from the

JER. As shown in Figure 4.10(b), the RMS width of the E?Elys)s distributions roughtly

increases as RMSxm(in)s (Y Et) « v/} E1. More details are discussed in Ref. [149].
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FIGURE 4.10 - (a) Distributions of the ETS using the Loose ETS operating point, which
includes all jets with pr > 20 GeV that also pass the JVT criteria when the jet has
|7] < 2.4 and pr < 60 GeV. The soft term are shown in data and MC simulation for
Z — upu events. The lower panel of the figure shows the ratio of data to MC simulation,
and the band corresponds to the combined systematic and MC statistical uncertainties.
The largest contribution to the systematic uncertainty band comes from the soft term
systematic uncertainty, and it is shown in a dotted line. The far right bin includes the
integral of all events with soft EITniss above 100 GeV [150]. (b) The RMS width of the

ExmiSS distributions in bins of } Et in an inclusive sample of Z — pup events. Predictions

(v)

from MC simulations are overlaid on the data points, and the ratios are shown below
the respective plot. The shaded bands indicate the combined statistical and systematic
uncertainties of the resolution measurements [149].
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5 | Flavour Tagging in ATLAS

As described in Section 4.4 the b-jets are defined as composite objects contain-
ing b-hadrons. The capability to identify b-jets, c-jets and light-jets (and in fewer
cases also T-jets) is crucial to perform an effective event reconstruction and to re-
duce contamination from fake background events in many physics analyses. The
sequence of algorithms used to identify jets originating from b-quarks against c- or
light-flavoured jets is also known as b-tagging or flavour tagging. It exploits specific
kinematic properties of the b-hadrons (i.e. long lifetime, high mass, high decay mul-
tiplicity), to quantify the probability for a given jet to contain one or more of them.
The main property of b-hadrons is their relatively long lifetime, of the order of
~ 1.5 ps, allowing the hadron to travel inside the detector for about 4.5 mm be-
fore decaying to other particles. For example, a b-hadron with momentum of 50
GeV is expected to have a mean flight path length of about 3 mm, and therefore its
decay products will be detected in the inner detector as coming from a displaced
vertexwith respect to the primary vertex.

Furthermore, since the decay point of the b-hadron must lie along its flight path, the
child particles related to the displaced decays tend to have higher impact parame-
ters with respect to the tracks originating from the primary vertex. This property can
also be used to further discriminate the contribution of the tracks from a b-hadron
decay with respect to tracks originating in the hard scattering. Finally, the relatively
high mass of the b-hadrons, around 5 GeV, and their distinctive decay chain, which
often contains c-hadrons and/or soft leptons, can be used to enhance the fake rejec-
tion power of the b-tagging algorithms.

This chapter contains an overview of the flavour tagging techniques currently used
in ATLAS, with particular emphasis on how to treat the tagger outputs in physics
analyses. Moreover, the last part of the chapter focuses on the so-called Tag Rate
Function method, which is an efficient statistical approach to emulate flavour tag-
ging for samples with many c- and light-jets.

5.1 Basic flavour tagging algorithms

The identification of b-jets in ATLAS is based on a two-stage approach. First, a
set of four basic b-tagging algorithms - exploiting different properties of b-hadrons
and b-quark fragmentation - aim at building a set of discriminating variables for the
b-jets. Then, these variables are used as inputs for higher-level multivariate discrim-
inants (see Section 5.2), to provide the best separation among the different flavour
hypotheses.

The first basic tagger is an impact parameter-based algorithm, which uses the indi-
vidual properties of the tracks associated with the jet to build a single track-based
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likelihood discriminant for b-, c- and light-jets. The second algorithm aims at explic-
itly reconstructing the displaced secondary vertices combining the jet tracks. The al-
gorithm does not only build the secondary vertices, but it also provides a set of eight
vertex-related variables to be used as input of the high-level taggers. Similarly, the
third algorithm aims at directly reconstructing the entire multi-vertex decay chain
of the b-hadron starting from the single tracks in the event. The output of this basic
tagger is a set of eight discriminating variables related to the reconstructed multi-
vertices. The last basic tagger is a BDT-based soft muon tagger algorithm, which
exploits the semi-leptonic decays of the b-hadrons to enhance the light-jet rejection.
These four basic algorithms will be briefly described here.

5.1.1 Track-jet matching

In case of calorimeter-based jets, the first step of a b-tagging algorithm is to cor-
rectly associate the tracks reconstructed in the Inner Detector with the jet candidates
obtained from the jet reconstruction (with the anti-k;). This association is crucial
since the track information will be largely exploited by the b-tagging algorithms.
The association is based on the angular separation AR(track, jet) between the track
and the jet, considering the direction of the three-momenta of the track and the jet:

AR(?trk/ 7]’61‘) < ARcut (5.1)

where AR,y is a threshold varying as a function of pr, because the decay products
of high-pr b-hadrons are more boosted and thus collimated than the low-pr case.
The thresholds are

- wider at low-pr: 0.45 for jet-pr = 20 GeV,

- narrower at high-pr: 0.26 for jet-pr = 150 GeV.
If the track is assigned to more than one jet, the jet with the smallest AR is chosen. A
single track can be associated with at most one jet.

5.1.2 The Impact Parameter based Algorithms: IPxD and IP RNN

The impact parameter (IP) of a track is defined as the distance of closest approach
to the primary vertex. The transverse impact parameter, dy, is the impact parame-
ter in the r — ¢ projection. The longitudinal impact parameter is calculated in the
x — z plane, and it can be obtained approximating the track by a straight line (start-
ing from the point of closest approach) and multiplying zo by sin 6, as can be more
easily seen looking at Figure 4.2. The transverse and longitudinal impact parameter
significance are defined as do/0,, and zgsin0/0,sing respectively, where oy is the
uncertainty on dy, and 0;,sing is the uncertainty on zgsinf. The resolution of the
two impact parameters depends on the track momentum: at larger momenta it is
limited by the resolution of the detector sensors and their alignment, while at low
pr the multiple scattering effects dominate. A more detailed description of how oy,
and o7 sing are calculated is reported in Ref. [151]. The impact parameter relative to
each plane is conventionally defined as positive if the trajectory of the track crosses
the calorimeter-based jet direction in front of the primary vertex (in the considered
plane), and negative if it crosses behind the primary vertex. Assuming that the b-
hadron decays along its flight path, true secondary vertices must be reconstructed
from tracks crossing the jet axis in front of the primary vertex, therefore negative IP
tracks are normally due to background or resolution. A schematic view of the sign
convention is shown in Figure 5.1.

Two types of impact parameter algorithms are currently used in ATLAS: IPxD [152],
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FIGURE 5.1 — Schematic view of a b-hadron decay inside a jet. The secondary vertex
is significantly displaced from the primary vertex, thus the decay length is measurable.
The track impact parameter is shown for a secondary vertex track and an external track
from pile-up. The latter is crossing the jet projection behind the primary vertex, thus its
impact parameter significance (sIP) is assigned as negative. The secondary vertex track
is crossing along the direction of propagation of the jet, thus a positive sign is assigned.

also used in Run-1, and IP RNN [153], newly introduced in Run-2. The loosest track
selection for all the impact parameter algorithms requires:

- At least seven hits in the silicon tracking detector, with less than two missing
hits in total in the different layers, and at most one of them in the pixel detec-
tor [124], to reject fake tracks with hits not originating from a single charged
particle.

- |do] < 1mmand |zgsinf| < 1.5 mm, to reduce the tracks from long-lived par-
ticles (like kaons) or from material interaction (photon conversion or hadronic
interactions), which can have impact parameters significantly higher than the
tracks from heavy flavour decays !. Following a study reported in Ref. [154],
these cuts are reducing of ~ 70% the tracks from K; and of ~ 40% the tracks
from conversion, while keeping ~ 91% of tracks from weakly decaying b-
and c-hadrons. The study was conducted in a sample of pp — WH,H —
bb, uii, cc.

- pr of the track above 1 GeV.

IPxD algorithms

The IPxD taggers are based on a likelihood ratio of the smoothed impact parame-
ter significance distributions (do/0,, and zg sin0/0;sine). The distributions of these
two variables for a simulated ¢t event sample are shown in Figure 5.2. The IP3D
algorithm uses both the transverse and longitudinal impact parameter significance,
while IP2D only uses the transverse IP significance.

In order to increase the discriminating power of the algorithm, the tracks are firstly
separated in exclusive categories depending on hit pattern and track quality. A de-
tailed summary of the categories is described in Ref. [155]. Different probability
density functions (PDF) for the impact parameter significance of these tracks are ob-
tained from ¢t simulated samples for each category and jet flavour (b, ¢ and light).
They represent the probability for a track to originate from a jet of a given flavour.
These probabilities are then used to define ratios of the b- over light-jet hypotheses,

1. The IP largely depends on the lifetime of the decaying particle as discussed in Ref. [154].



76 Chapter 5. Flavour Tagging in ATLAS

and combined in a single log likelihood ratio discriminant (LLR) as follows:

(5.2)

IIN_ PDF,(IP,,)

log (P,/P,) =1 =l
o8 (Po/Pu) = log (Hn]\{_lPDFu(IPm)

where [Py, is the impact parameter significance of track m, and N is the num-

ber of tracks associated with the jet. Alternative LLR discriminants can be con-

structed based on ratios of the b- and c+jet, or c- and light-flavour jet hypotheses.
The PDF;(IP,,) can be a 1D or 2D probability density function defined as follows:

PDFi(do/UdO, z0 sin Q/UZOSinG) (IP3D)

PDEF(dy/0y,) (IP2D) (5:3)

PDE(IP,,) = {

Figure 5.3 illustrates the final discriminants for both the IP2D and IP3D algorithms.
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FIGURE 5.2 — Track signed dj significance (a), zg significance (b) for b-(solid green), c-
(dashed blue) and light-flavour (dotted red) jets in the "Good" category for a tt sample
at /s = 13 TeV [155]. The "Good" category is the category including all the tracks not
fulfilling the requirements of the other categories. This is the most populated of the
selection, with more than 80% of fractional contribution.

Two main processes reduce the rejection power of this kind of algorithms: tracks

originating from A and K decays, and the noise from fragmentation tracks (see be-
low). A solution to the first problem is to use another basic algorithm (SV) to identify
and ignore these tracks, see Section 5.1.3. This solution has been introduced in Ref.
[155] and allowed for an increase of 15% of the light-flavour rejection for IP3D at
77% fixed efficiency (see working point definition in Section 5.2.4).
The fragmentation tracks are defined as all the tracks in the parton shower not as-
sociated with the b-hadron decay. As shown in Figure 5.4, the contribution of these
tracks inside the b-jet is observed to be dominant for jet pr > 200 GeV, representing
an important source of background in the medium and high pr regime.
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IP RNN

One of the main assumptions of the IPxD algorithms is that the per-track flavour
probability can be computed independently of the other tracks in the jet. This sim-
plification ignores any interdependency between track parameters of different tracks
in a given jet. This assumption maintains a manageable dimension of the likelihood
function, but it does not account for the spatial and kinematic correlations between
tracks initiated from the same b-hadron. As shown in Figure 5.5, the impact param-
eters of the tracks within the decay of a b-hadron are intrinsically correlated: if one
track is found with a large impact parameter, then finding a second track with large
impact parameter is more likely. If no displaced decay is present, as in light-flavour
jets, then such a correlation should not exist.
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FIGURE 5.5 — The distribution of the dy significance for the leading dy significance track
and subleading dy significance track in b-jets (left) and light jets (right). The plots were
produced with 700k b-jets and 1M light jets. Each distribution is normalized to unity.

To better exploit these correlations, a new algorithm called IP RNN, based on a
recurrent neural network (RNN) [156], was recently introduced in ATLAS [153].
The track quality criteria of IP RNN are the same as the one listed above for IPxD.
The input variables of IP RNN are four variables for each track, including dy /0, and
zo sin 6/ 0z, sin g significance plus two new variables:
- The fraction of transverse momentum carried by the track relative to the jet,
track

pj;mc =7 L+, to enchance the difference between fragmentation tracks and
p

tracks from the heavy hadrons.
- The angular distance between the track and the jet axis AR(track, jet), to quan-
tify the goodness of the track-jet matching.
The IP RNN output is a four-class output corresponding to the b-jet, cjet, light-
jet, and T-jet probabilities (py, pc, pu, pr), which can be combined in a single-class
output as follows to separate b-jets from others:

1 Po 5.4
°8 fepe + fepe + (1 — fe — fr)pu G4

with f. and f: the fraction of c- and T-jets in the background for the training sample.
Similar outputscan be built to separate the other flavours from the rest. A compari-
son between the c- and light-jet rejection in IP3D and IP RNN is shown in Figure 5.6.
For a b-tagging efficiency of 70% the RNN algorithm has ~ 2.5 times the light-jet
rejection and ~ 1.2 times the c+jet rejection of IP3D.

DrnN(fe, fr) =
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FIGURE 5.6 — The light-jet (a) and c-jet (b) rejection versus b-tagging efficiency for jets
with pr > 20 GeV and |57| < 2.5, for RNNs trained using various sets of input variables,
and for IP3D. The RNN without pj;mc and AR(track, jet) uses only the inputs available
to IP3D [153].

5.1.3 The Secondary Vertex based Algorithms: SV

The secondary vertex finding algorithm (SV) aims at reconstructing the inclusive
displaced secondary vertex within the jet, while rejecting vertices compatible with
K or A, photon conversions or hadronic interactions. The main Secondary Vertex
algorithm in ATLAS is called SV [157].

The SV algorithm uses the tracks with 3D impact parameter significance %:

d3D/‘7d3D >2 (5.5)

as input for the fit. First, the valid tracks are combined in pairs, to build as many
two-track vertices as possible. A two-track vertex is considered valid only if the fit
has x? < 4.5. In order to further increase the rejection power of the final tagger, all
the vertices compatible with long-lived light-flavoured particle decays such as Ks, A
or detector interactions are rejected. Kg, A decays are identified by looking at the in-
variant mass of the charged particle system, while the interactions with the detector
material are rejected requiring no hits in the inner detector in a radius smaller than
the reconstructed vertex radius .

The remaining pairs are grouped in independent sets of multi-tracks with similar
initial vertex position estimate. Each set is then processed by the vertex fitting tool,
which finds one single vertex for each independent set. An iterative procedure is
applied to remove the least compatible tracks from the vertex. After the vertex fit is
attempted, all the tracks not passing a certain x? threshold are removed and the fit
is repeated iteratively, until no such low-compatibility track is present anymore. As
a default this x? threshold is set to 7, corresponding to a 5% probability for the track
to be associated with that vertex [158].

Once the secondary vertex has been reconstructed, eight discriminating variables
are computed by the SV algorithm to be used as input to the high-level taggers. The
full list of these properties is summarized in Table 5.1. Some of their distributions
based on jets from simulated ¢ events are shown in Figure 5.7.

2. This is the 3D distance between the primary vertex and the point of closest approach of the track.
3. No hits between the beamline and the secondary vertex, since secondary vertex tracks can not
have hits with r-¢ radius smaller than their production vertex radius.
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FIGURE 5.7 — Properties of secondary vertices reconstructed by the SV algorithm for
b- (solid blue), c- (dashed green) and light-flavour (dotted red) jets in tf events: (a)
the 3D decay length significance, (b) the energy fraction, defined as the energy of the
tracks in the displaced vertex relative to the energy of all tracks reconstructed within
the jet, (c) the invariant mass and (d) the number of tracks associated with the vertex.
The increased rate of light-flavour jets at high transverse decay length values is due to
residual material interactions.
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Variable ‘ Description

m(SV) Invariant mass of all tracks associated with the secondary
vertex

fe(SV) Fraction of the charged jet energy in the secondary vertex

defined as the energy from the tracks in the displaced ver-
tex relative to all tracks reconstructed within the jet.
Nrkarvix(SV) | Number of tracks associated with the secondary vertex

Norrkyix(SV) Number of two track vertex candidates

Lyy(SV) Distance between the primary and secondary vertex in the
transverse plane

Lyy2(SV) Distance between the primary and secondary vertex

S xyZ(SV) Lyy: / ULy decay length significance

AR (jet,SV) AR between the jet axis and the secondary vertex

TABLE 5.1 — Discriminating variables computed by the Secondary Vertex finder (5V1).

The SV performance has been evaluated building a log-likelihood ratio discriminant
(LLR) based on PDFs built from three of the SV output variables (vertex mass, the
energy fraction and the number of two-track vertices). The results will be discussed
in Section 5.2. As for the impact parameter based algorithms, the main responsible
for performance degradation are the fragmentation tracks in the medium-high pr
region. Another limitation comes from the relatively low vertex-finding efficiency
which is around 80%.

5.1.4 The decay chain multi-vertex Algorithm: JetFitter

The JetFitter algorithm is a decay chain multi-vertex reconstruction algorithm,

which tries to reconstruct the full b-hadron decay chain exploiting the topological
structure of b- and c-hadron decays inside the jet. As |V|?> > |V,;|* (see Section
2.1.1), a b-hadron will preferentially decay to a c-hadron, providing a distinct sig-
nature of a secondary and tertiary decay chain. The probability to have both the
secondary and tertiary vertex with at least two associated tracks is limited by the
track reconstruction efficiency of the detector, and second because the resolution of
the track parameters is in some cases not sufficient to separate the two vertices. To
recover a high multi-vertex reconstruction efficiency, the algorithm adds a constraint
to the vertex position of the decay chain: the b- and c-hadron decay vertices must
lie on the same axis, defined by the flight path of the b-hadron. The validity of this
assumption is discussed in Ref. [159].
A Kalman filter [160] is used to find a common line on which the primary vertex
and the bottom and charm vertices lie, approximating the b-hadron flight path, as
well as their positions. After the primary vertex and the b-hadron flight axis have
been initialised, each track crossing this axis is considered as a potential single ver-
tex. The algorithm proceeds iteratively trying to group the single tracks and create
multi-track vertices and then arrange these vertices in single vertices compatible
with the rest of the decay chain (looking at the distance from the b-hadron axis). The
procedure stops when the remaining vertices have compatibilities below a certain
threshold. In this way, the algorithm can recover also the incomplete topologies and
identify b- and c-hadron vertices with single tracks associated with them.
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The loosest selection requirements used by the JetFitter algorithm are: pr > 500
MeV, |dyg| < 7 mm and |zp| sinf < 10 mm.

Variable ‘ Description

m(JF) Invariant mass of the tracks from the displaced vertices,
assuming pion masses

fe(JF) Fraction of the charged jet energy in the secondary ver-
tices

NrcarvicJF) Number of tracks from displaced vertices with at least
two tracks

NorevicJF) Number of two track vertex candidates

Ni_tk vertices(JF) Number of displaced vertices with one track

N>2_trk vertices(JF) | Number of displaced vertices with more than one track

Sxyz(JF) Significance of the average distance between the pri-
mary and displaced vertices

AR (Pjet/Potx) Angular distance between the jet axis and the vectorial
sum of the momenta of all tracks attached to displaced
vertices

TABLE 5.2 — Discriminating variables computed by the JetFitter algorithm.

Once these single and multi-track displaced vertices are reconstructed, a set of eight
discriminating variables is computed to be used as input for the high-level taggers.
The list of variables is summarized in Table 5.2. Some of the variables described
above are presented in Figure 5.8. The b-tagging performance of the JetFitter al-
gorithm is evaluated using a log-likelihood ratio discriminant based on PDFs of
trhee JetFitter output variables (vertex mass, energy fraction and decay length sig-
nificance). The results will be discussed in Section 5.2. The vertex reconstruction
efficiency of the JetFitter algorithm in a tf (ep) sample is 95% for b-jets 70% for c-jets
and between 10% and 50% for light-jets [152].

5.1.5 Soft Muon Tagger: SMT

The fourth class of basic algorithms exploits the semileptonic decays of the b-
hadrons to enhance the rejection power of the algorithms described above. The
b-quarks are expected to decay semileptonically with a BR ~42%, ~22% directly
leptonically (b — lvX) and ~20% indirectly leptonically through the b — ¢ — IvX
chain, I being y or e. Therefore looking for soft muons related to the secondary ver-
tex can help to discriminate against light-jets. Using electrons in the same pr range
is not efficient since it would introduce large background contaminations coming
from misidentified electrons. The muons entering in the Soft Muon Tagger (SMT)
algorithm are required to fulfill the following selection:

- AR between the muon and the jet axis less than 0.4.

- pr >5GeV and || < 2.5.

- |do] < 4 mm.
These muons are expected to have smaller transverse momentum than the typical
pr of leptons from the hard scattering (hence "Soft" muons) and a large transverse
momentum relative to the jet axis (p/¢'). The expected fraction of tf events with
muons passing this selection is 12%. A contamination of about ~ 1% is expected
from prompt muons from closeby W bosons wrongly associated with a jet, another
~ 1% from muons from light-hadrons decays (Ks and pions) and finally a small
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FIGURE 5.8 — Properties of the decay topology and secondary vertices reconstructed
by JetFitter for b (solid green), c¢ (dashed blue) and light-flavour (dotted red) jets in tt
events: (a) the number of 1-track vertices, (b) and the energy fraction, defined as the
energy from the tracks in the displaced vertex relative to all tracks reconstructed within
the jet, (c) the invariant mass of tracks fitted to one or more displaced vertices and (d)
the average flight length significance of the reconstructed vertices.
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Variable ‘ Description

AR(p, jet) Angular distance between the muon and the associated
jet

pre! pr of the muon with respect to the jet + muon axis

dg The muon transverse impact parameter

S Scattering neighbour significance

M Momentum imbalance significance

R Double charge-to-momentum-ratio in the Inner Detector
and in the Muon Spectrometer

TABLE 5.3 — Discriminating variables used by the Soft Muon tagger algorithm.

(< 0.1%) contamination is expected from "punch-trough" jets leaving a signal in the
muon detector.

The SMT is a Boosted Decision Tree (BDT) algorithm based on the discriminating
variables listed in Table 5.3. The three muon quality related variables S, M and R
are mainly used to reject muons from K and 7t decays. The less intuitive variables are
S and M: the first is defined as the sum of the significance of the angular difference
A¢ between the two half tracks computed by considering pairs of adjacent hits along
the track*, while the latter is the difference between the momentum in the Inner
Detector and in the MS divided by the uncertainty on the energy loss measured by
the calorimeters. More details about their definition can be found in Ref. [161]. The
efficiency to reconstruct a muon inside jets is ~ 65% for b-jets with a semi-leptonic
decay to a muon in tf events, with a light-jet mistag of ~ 1.8%. The efficiency for
accepting a jet having a soft muon candidate with the SMT algorithm is 85% for
b-jets and 15% for light-jets in tf events [162].

5.2 High-level tagging algorithms

To achieve better discrimination than any of the basic algorithms can individ-
ually achieve, the variables of the basic taggers described in the previous Sections
are combined into "high-level" algorithms using Multivariate Analysis techniques.
Two high-level taggers are currently available in ATLAS: the MV2 algorithm, based
on Boosted Decisions Trees, and DL1, based on Recurrent Neural Networks. These
high-level taggers combine the information of the input variables of the low-level
taggers described in the previous Sections into just one output score, which can be
conveniently used by physics analyses to perform the event selection.

Until 2016 the training of the multivariate classifiers was performed only on sim-
ulated tf events, but the steeply falling pr spectrum of this process was making the
training sub-optimal already at 250 GeV, with a consequent degradation in perfor-
mance at higher pr. To overcome this problem, since the 2017 retraining campaign,
a Z' — tt sample has been added to the tf sample for a total of 8 million events, 5M
events from tt and 3M from Z'. These events have been used to train both the DL1
and MV2 algorithms. Figure 5.10 shows the different jet-pr distribution in tf and
Z' events, as well as the jet-pr of the total sample, referred to as the hybrid sample,
obtained using tf jets for pr < 250 GeV and Z’ jets for pr > 250 GeV.

4. This variable quantifies the significance of a change in trajectory, expected in presence of a pion
or kaon decay to muon. It measures how many hits in the tracker are out of the reconstructed track. A
higher significance is more likely to correspond to a 7t or K decay in flight.
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tion of the hybrid sample used for the training of the multivariate-based taggers [161].
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5.2.1 MV2c10 algorithm

This algorithm has been developed in Run-1 and optimised in Run-2 to provide

good b-jet identification against the c- and light-jet background. A boosted decision
tree is trained on the hybrid sample described above, with b-jets being considered
as signal and c- and light-flavour jets considered as background. The performance
is evaluated separately on tf and Z’ events. The BDT makes use of all the IPxD, SV1
and JetFitter input variables described in Section 5.1.2, 5.1.3 and 5.1.4 with in addi-
tion the jet pr and 7, for a total of 24 discriminating variables, as shown in Figure
5.4.
Many physics analyses observe a stronger contamination from events with jets orig-
inating from c-quarks, rather than from light-quarks. For this reason the c-jet back-
ground fraction in the training sample is tuned to enhance the c-jets rejection, at the
cost of slightly worse light-jet rejection. The naming convention of the MV2 algo-
rithms is chosen to specify the fraction of c-jets used in the training: the "MV2cXX"
version of MV2 corresponds to a training with a sample containing approximately
XX% of c-jet background and 100-XX% of light-jet background. Many configura-
tions have been tested and MV2c10, with a 7% c-jet fraction in the training 5 has
been found to have the best balance between light- and c-jet rejection. Figure 5.11
shows the MV2c10 output score for b-, c- and light-jets. The b-jets, confined to the
higher BDT output score region, are well separated from c- and light-flavour jets.
The nominal b-tagging efficiency of the algorithm is defined a priori by setting dif-
ferent thresholds, also called working points, on this output score. A more accurate
definition of the different working points is given in Section 5.2.4.
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FIGURE 5.11 — MV2c10 BDT output for b- (solid blue), c- (dashed green) and light-
flavour (dotted red) jets evaluated with tf events [163].

5. The algorithm is not called MV2c07 for historical reasons. It was decided to maintain the Run-1
naming which was obtained with 10% c-jet fraction, so MV2c10.
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Input Variable Description
Kinematics pr Jet pr
n Jet |n|
log(Pp/ Pright) Likelihood ratio between the b-jet and light-
1P2D/IP3D flavour jet hypotheses
log(Pp/P.) Likelihood ratio between the b- and c-jet hypo-
theses
log(P./Piight) Likelihood ratio between the c-jet and light-
flavour jet hypotheses
m(SV) Invariant mass of tracks at the secondary vertex
assuming pion mass
fe(SV) Energy fraction of the tracks associated with
Sv1 the secondary vertex
Nrkarvix(SV) Number of tracks used in the secondary vertex
Notrevix(SV) Number of two-track vertex candidates
Lyy(SV) Transverse distance between the primary and
secondary vertex
Lyy7(SV) Distance between the primary and the second-
ary vertex
Sxyz(SV) Distance between the primary and the second-
ary vertex divided by its uncertainty
AR(Pier, Pvix)(SV) AR between the jet axis and the direction of the
secondary vertex relative to the primary vertex.
m(JF) Invariant mass of tracks from displaced vertices
Se(F) Energy fraction of the tracks associated with
the displaced vertices
TerFITTER AR (Piet, Pvix)JF) AR between jet axis and vectorial sum of mo-

Sxyz(JF)
Nrxavix(JF)
NoTikvix(JF)

N 1-trk vertices (J F)
N22-trk vertices (JF)

menta of all tracks attached to displaced vertices
Significance of average distance between PV
and displaced vertices

Number of tracks from multi-prong displaced
vertices

Number of two-track vertex candidates (prior
to decay chain fit)

Number of single-prong displaced vertices
Number of multi-prong displaced vertices

JETFITTER c-tagging

Ly, (2"/3"vix)(JF)
Ly (21/3"vtx) (JF)
m (23" vix) (JF)
Ern(2"/3"vtx)(JF)
fe (2" /39ytx)(JF)
Nrrarvis (2™/3"vtx) (JF)

Yt?]:m’ Y[;llzax’ Y‘?l:]g (an/3rdvtx)(JF)

Distance of 2™ or 3" vertex from PV
Transverse displacement of the 2" or 3 vertex
Invariant mass of tracks associated with 2™ or
3" vertex

Energy fraction of the tracks associated with
21 or 31 vertex

Fraction of charged jet energy in 2" or 3%
vertex

Number of tracks associated with 2™ or 3™
vertex

Min., max. and avg. track rapidity of tracks at
27 or 3 vertex

TABLE 5.4 — Input variables used by the MV2 and the DL1 algorithms. The JetFitter
c-tagging variables are only used by the DL1 algorithm [163].
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Studies presented in Ref. [152] and confirmed in Ref. [155] showed a depen-
dence of the MV2c performance on the jet pr. In particular, the b-tagging efficiency
is observed to decrease at both low and high jet pr. For jets with lower pr, the multi-
ple scattering with the ID material deteriorates the IP resolution and in addition the
lower pr cuts (1 GeV) reduces the reconstruction efficiency. At significantly higher
jet pr, the b-hadron will travel further from the primary vertex reducing the track-
ing impact parameter resolution. The track reconstruction efficiency is also limited
in this regime because the tracks become more collimated and more fragmentation
tracks are produced.

5.2.2 DL1 algorithm

DL1 is a neural-network-based high-level tagger with a three-class output, cor-
responding to the probabilities for a jet to be a b-, c- or a light-flavour jet (p;, p. and
pu)- In the basic configuration, DL1 combines the inputs of the same basic taggers as
the MV2 algorithm: the standard IP2D and IP3D, the SV1 and JetFitter algorithms
along with jet pr and 7. In order to enhance the c-jet rejection power of the algo-
rithm, the JetFitter c-jet tagging variables are added as additional input variables as
shown in Table 5.4. Furthermore, the c-jet fraction in the training sample is tuned
as in the case of MV2. To facilitate the comparison between DL1 and MV2c10, the
default c-jet fraction in the training is set to 7%. The flavours are treated equally in
the training, so the algorithm can be used both for b- and c-jet tagging. A final dis-
criminant for b-tagging is obtained by combining the three outputs into one single
discriminant:

DL1(f.) = log ot {f’_ I (5.6)

as a function of the fraction of c-jets in the background training sample, f.. A similar
equation can be derived for c-tagging, by swapping the b and c labels. Figure 5.12
shows the three DL1 output probabilities for a jet to be tagged as b-, c- or light-jet.

The performance of the DL1 and MV2 discriminants is shown in Figure 5.13 in
terms of c- and light-jet rejection as a function of the b-jet efficiency [163]. The perfo-
mance of the LLR built from the single basic taggers are also shown. The combined
high-level taggers have significantly better light- and c-jet rejection than the single
basic tagger algorithms (these discriminants were described in Section 5.1). The ad-
ditional JetFitter c-tagging variables used by DL1 bring a ~ 30% improvement in
the light-flavour jet rejection and a ~ 10% improvement in c-jet rejection for a 70%
b-tagging efficiency compared to MV2.

Despite the expected improved rejection power of DL1, the two algorithms have
shown similar performance for the VH, H — bb analysis, as will be discussed in
Section 7.6.1. However, the DL1 algorithm seems more promising in terms of future
R&D, since it shows improved flexibility to new training techniques (i.e. Adversar-
ial Neural Networks [165]), which might reduce the effects of modelling systematic
uncertainties and training time. It grants also the possibility for future combined
trainings in conjunction with IP RNN.

5.2.3 Enhanced Multivariate Algorithms

Both the SMT and IP RNN basic algorithms are not part of the current defi-
nition of MV2 or DL1, but variations are provided for testing. The first variation
contains the Soft Muon Tagger in addition to the nominal basic algorithms, the tag-
gers are defined as MV2c¢10_mu (DL1_mu). On top of this variation, there is the so-
called MV2c10[mu]_rnn (DL1[mu]_rnn) variation, where the IP3D tagger has been
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replaced by the IP RNN.

As shown in Figure 5.14, the inclusion of the SMT is expected to provide a 20%
improvement in light-jet rejection at low-medium pr for tf events, while the c-jet
rejection does not profit from the muon-in-jet information since the muons are pro-
duced both in b- and c-hadron decays.

Both the c- and light-jet rejections are expected to be considerably improved by the
MV2c10[mu]_rnn variation, which is profiting of the better performance of IP RNN
as described in Section 5.1.2. Some studies on the expected performance of these
taggers in the context of the VH, H — bb analysis are presented in Section 7.6.
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5.2.4 B-tagging working Points

The performance of a b-tagging algorithm is quantified by the efficiency (¢) to
select jets of a certain flavour j:

~_ Number of jets of flavour j passing cut
I Number of jets of flavour j

(5.7)

with the rejection defined as 1/¢;.

Operating points (or "Working Points") are defined as thresholds on the discrim-

inant output, designed to provide a determined efficiency for identifying b-jets. A
lower b-tag efficiency leads to higher light-quark jet rejection. The performance of
two or more b-tagging algorithms can be compared at a chosen working point by
comparing the corresponding c- and light-flavour jet rejection.
Several such Working Points (WP) are designed to provide a well-defined average
efficiency when applied to b-jets from a sample of inclusive tf events. Table 5.5
summarises the four supported working points for the Run-2 configuration of the
MV2c10 and DL1 algorithms, for AntiKtEMTopo jets (defined in Section 4.4). Tak-
ing the 70% b-jet tagging efficiency working point for MV2c10 as an example, the
light-flavour jet rejection rate is approximately 300, while the c-jet rejection rate is
approximately 9.

e MV2R DL1R
. ejection . ejection
Selection c-jet | T-jet J Light-flavour jet Selection c-jet | T-jet i Light-flavour jet
60% > 0.94 23 | 140 1200 >2.74 27 | 220 1300
70% > 0.83 8.9 36 300 > 2.02 9.4 43 390
77% > 0.64 4.9 15 110 > 1.45 4.9 14 130
85% >0.11 2.7 6.1 25 > 0.46 2.6 39 29

TABLE 5.5 — Operating points for the MV2c10 and DL1 b-tagging algorithms, including
benchmark numbers for the efficiency and rejections rates. These values have been
extracted from simulated tf events, the main requirement being jet pr > 20 GeV [163].

The four working points can also be combined in one single binned distribution,
called “pseudo-continuous’ b-tagging or "pseudo-continuous’ operating point. The
default binning is defined by edges corresponding to the efficiency working points
listed in Table 5.5. This ‘pseudo-continuous” distribution is easier to calibrate with
respect to the full continuous output, and it can be used by physics analyses as a
powerful discriminating variable to enhance the sensitivity (see Chapter 8). Figure
5.15 shows a simplified model of the pseudo-continuous distribution for MV2c10.

5.3 Calibration of the flavour tagging efficiency

The efficiencies are measured on simulated tf events and corrected with data-
driven techniques to match the performance in data. Different methods are used
to calibrate the b-, c- and light-flavours [166]. The corrections are extracted as scale
factors (SF), to be applied to the event weight in simulation. The SFs are extracted
from the data-to-MC comparison for each exclusive region between operating points
and as a function of the jet kinematic (pr and - for light-jets - |7|). The b-tagging
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efficiency scale factors are defined as:
Kj = (5.8)
] — .

where «; is the scale factor for a b-tagged jet of flavour j and S?am (EIJMC) are the
efficiencies measured in data (simulation) at a specific working point. If in the events
there are jets failing the b-tagging requirement (untagged jets), the event weight is

corrected with an inefficiency SF for each untagged jet, defined as:

1— s?ata 1-— stlj\’[C
] ]

applied to preserve the total number of events. Furthermore, it has been observed

that differences in the showering and in the hadron decay models are leading to

different efficiencies among the MC generators. To reduce these differences, a set of

MC-to-MC scale factors is provided as an additional multiplicative correction. The
total correction becomes:

data MC

€57 &) ref

2MC GMC
jref “j,alt

wj = (5.10)

where EM(e:f is the efficiency of the reference MC (POWHEG +PYTHIA 8+EVTGEN) and

jir
MC

€/ ar; the efficiency of the alternative generator.

The flavour tagging efficiency of b-jets is measured and calibrated using a sam-
ple enriched in dileptonic tf events [163]. The selection is made requiring exactly
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two tight-ID leptons with opposite charge and two jets. The MC events are fur-
ther categorized per truth-flavour (bb, bl, Ib, II) following the order in pr of leading
and sub-leading jets. Three control regions enriched in bl, Ib and II are built ap-
plying cuts on the pseudo-top reconstructed invariant mass m;, of each pair. The
lepton-jet pairing is performed choosing the combination that minimizes the quan-
tity (mjzu1 + mjz‘z,lz) 6. In case of true tt(bb) events, the two invariant masses can not
exceed the top mass value m; = 172.5 GeV and the final reconstructed value is actu-
ally expected to be much smaller than this threshold, due to the undetected neutrino.
No such constraint is expected from the backgrounds, which populate the bl, [b and
Il categories. The four regions are defined as follows:
- Signal Region (SR): with high bb purity, selected requiring m;; ;1 and mjp j» to
be below 175 GeV.
- Control Region bl (CRy;): with high bl purity, selected with mj; ;1 < 175 GeV
and mp p > 175 GeV.
- Control Region Ib (CRy;): with high Ib purity, selected with mj; ;1 > 175 GeV
and Mz 12 < 175 GeV.
- Control Region I (CRy;): with high Il purity, selected requiring m; ;1 and m;p 1>
to be above 175 GeV.
The control regions are used to constrain the non-bb fractions in the signal region. A
simultaneous fit to a binned log-likelihood function is performed to extract the b-jet
tagging probabilities P}, as a function of 9 pr bins from 20 to 600 GeV. The P, are
defined as the conditional probabilities for a jet to fall in one specific pr bin, while
having a b-tagging discriminant w in one specific bin of the pseudo-continuous dis-
tribution. In this scenario, the measurement extracts directly the pseudo-continuous
calibration, since all the tag-weight bins are fitted at the same time. The efficiency of
the cumulative working points is related to the different P, as:

&(X|T™) = Y Pp(OF|T™). (5.11)
Okcx

with X the WP of interest, (T"™),,—1.9 the pr bins and (O*)s_;_5 the pseudo-continuous
bins.

The main systematic uncertainties affecting the measurement are related to the tf
and single-top modelling, the jet energy scales and the statistical uncertainties (both
in data and simulation). The efficiencies measured for the MV2c10 at 70% working
point as a function of pr are shown in Figure 5.16, together with the flavour-tagging
scale factors, defined as the ratio between the measured b-tagging efficiency in data
and simulation.

The correction factors are in general close to unity, with maximum deviations of
~ 5% at low pr. The uncertainties vary between 1% in the 40GeV < pr < 250 GeV
region and 8% in the low pr regions with higher jet energy scale uncertainties. In
the last bin above 250 GeV the uncertainty increases up to 3% due to the limited
statistics in data. Figure 5.17, shows the efficiencies and the correction factors for the
pseudo-continuous working point in one pr bin (110 < pr < 140 GeV). The total
uncertainty here varies between 9% and 1% depending on the tag-weight bin.

The c-jet b-tagging efficiency calibration uses semi-leptonic tf events [167], i.e.
one of the W-bosons decays leptonically (with [ = ¢, u) and the other hadronically.
This is because the decay of the W boson is expected to produce a c-jet (W — cX)

6. This minimization disfavors asymmetric pairings and high invariant masses, which are unlikely
for t — Wb, W — v/ decays.
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with a BR of ~ 33%, which represents half of the hadronic decay fraction of the W
(Acx/ Npadrons ~ 50%) [20]. A likelihood fit is used to simultaneously extract the
c-jet b-tagging efficiency from the pair of jets associated with the W-boson decaying
hadronically in several jet pr bins. Monte Carlo templates are used to predict the
flavour composition of the jets in the sample. The SFs for the c-jet mistag rate are
calculated between 25 GeV and 140 GeV, being between 1.1 for the 85% WP and 1.6
for the 60% WP with statistical (systematic) uncertainties ranging from 1% (7%) to
4% (20%) from the loosest to the tightest operating point.

The light-jets mistag efficiencies are calibrated using the negative tag method [168].

The negative-tag method relies on the assumption that light-jets are mistagged as b-
jets mainly because of resolution effects of the inner detector. For prompt tracks,
the distributions of the lifetime-signed impact parameter are expected to be sym-
metrically distributed around zero, with smearing due to the finite resolution of the
detector. As shown in Figure 5.2, the negative side of the IP distribution is insen-
sitive to the long tails of the b- and c- jets, which are due to the long lifetime, and
therefore it represents a good approximation of the impact of the detector resolution
on the different flavours.
Jets containing a significant amount of tracks with negative impact parameters and
secondary vertices with negative lifetime are selected reverting some of the require-
ments used in the nominal IP and SV identification algorithms. The rate to tag these
events with the modified algorithm (negative tag rate) is therefore a good approxi-
mation of the mistag rate in the positive side of the distribution. The measured nega-
tive tag rate is converted in the mistag rate applying corrections to account for heavy
flavour hadrons contaminations and the asymmetry between positive and negative
light-flavour tags, mainly due to particle tracks from long-lived particles (Kg, A etc.)
or interactions with the tracker material. The mistag rate ranges between 0.4% to
16% for the 85% operating point and 0.1% to 0.4% for the 60% operating point. The
scale factors are obtained comparing the mistag rates in data and simulation. The
measured values are in the range of about 1.5 to 3 with uncertainties up to 50%.

5.3.1 Reduction of the b-tagging variations

In order to simplify the treatment of the scale factor uncertainties in physics anal-
yses, a principal component analysis has been developed to reduce the number of
variations associated with b-tagging, while preserving the correlation scheme [169].
The method uses an eigenvalue decomposition of the total covariance matrix, built
considering all the individual sources of uncertainty (including the statistical varia-
tions) in each pr bin. Taking for example the b-jet calibration, each source of uncer-
tainty has its own 9 x 9 correlation matrix which considers the bin-by-bin correla-
tions across the different pr bins (T™),,—1.9. The total correlation matrix is the sum
of the 9 x 9 matrices of all the sources.

Being symmetric and positive-definite, the total covariant matrix can be diagonal-
ized, so to provide orthogonal variations. The total uncertainty of each pr bin can
be computed as the sum in quadrature of the diagonalized eigenvalues relative to
that bin. In the end, the eigenvalues used for physics analyses are one for each pr
bin used in the calibration, so 9 variations for b-, 4 for c- and 4 for light-jets for the
cumulative working points.

After this orthogonalization, most of the eigenvalues are very small, so a further re-
duction scheme is introduced to remove the values below a certain threshold. The
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loose reduction scheme provides a complete description of the total uncertainty, the
medium reduction scheme has a ~ 3% relative loss in the total uncertainty (or in cor-
relation) and the tight reduction scheme has the maximum reduction in the number
of variations, but also a loss in the total uncertainty or correlation of the order of
10-50%.

In the context of the pseudo-continuous calibration, the number of bins to be con-
sidered when building the correlation matrix is 5 times larger, since the calibration
is performed in 2-D pr x w (9 x 5). The diagonalization is performed in the same
way as for the cumulative working points, but the number of quoted variations is
45 for bjets, 20 for c-jets and 20 for light-jets. Work is in progress to provide re-
duction schemes for the pseudo-continuous calibration, but up to now no official
prescriptions have been released.

5.4 Statistical tagging

Due to the high rejection power against c- and light-jets achieved by the current
b-tagging algorithms, many physics analyses suffer from a lack in the number of
simulated background events after the b-tagging requirements, especially in case of
background processes with only c- or light-jets in the final state. This creates issues
if the analysis makes use of such samples to model the distributions of one or more
variables used in the final fit to data. One way to overcome this issue and reduce
the statistical fluctuations in these samples is to avoid removing events failing the b-
tagging requirements, and instead apply a reweighting procedure to each MC event,
based on the probability to have n tagged jets in the event. The event weight must be
defined in a way to preserve the overall shape and normalization of the underlying
distributions.

In practice, this is done by giving events with real b-jets in MC a much higher weight
than events having only c- or light-jets. This procedure is referred to as "Truth Tag-
ging" or "Tag-Rate Function" since it makes use of the truth flavour label of the jet to
determine the event weight (or "truth tag weight").

The flavour identification efficiency defined in equation 5.7 can be thought as the
likelihood for a jet of a given flavour to be b-tagged by a specific algorithm. Hence,
b-jets have a much higher b-tagging efficiency than c-jets, which have a higher b-
tagging efficiency than light jets.

The truth tag weight is defined as the product of the b-tagging efficiency for each
b-tagged jet, times the complement of the b-tagging efficiency for each non b-tagged
jet. A combinatorial approach is used in case the number of jets (m) in the event
exceeds the number of required tagged jets in the analysis (1): all possible combina-
tions of b-tagged and non b-tagged jets satisfying the analysis selection are consid-
ered, and the total truth tag weight is defined as the sum of the truth tag weights
of each single combination. Taking for example an event with three jets, if exactly 2
b-tagged jets are required 7, and each jet i has a b-tagging efficiency ¢;, then the total
truth tagging weight is:

Wior = €162(1 —€3) +e1(1 — e2)ez + (1 — e1)ere3. (5.12)

In some cases, it is required to define precisely which are the b-tagged jets among
the selected ones, for instance to apply specific analysis selections on top of the b-
tagging requirements. When this is necessary, a particular combination is chosen

7. Here "b-tagged jet" is intended with respect to a specific working point, typically the working
point of the physics analysis, which needs to be set a priori in order to compute the efficiencies.
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randomly among all the possible ones, with a probability to be chosen being propor-
tional to its truth tag weight. In the three jet example, the probability to choose the
combination in which the first two jets are tagged is:

plassed _ ere2(l — a) (5.13)
Wrot

The higher the weight of the single permutation, the higher the “rate” at which
the random choice falls on that particular permutation, and this explains the name
"Tag Rate Function".

Generalizing to the case of an event with m jets and n tagged jets required, the
possible combinations are (). For a given tagged configuration, referred to as the
i'" combination and denoted as ()., the total number of remaining configurations is

™ =

() — (%), the efficiency and inefficiency products are:

e((’ff)l,x,f> — 1o (5.14)

jen

€in ((7:)1 x,f> = JT a-€G) (5.15)

jem—n

f

with €% (j) the tagging efficiency of jet j of flavour f at an efficiency working point x.
the j € m — n refers to the pool of non tagged jets. Therefore the total event weight:

Wior(x) = (’;:"Z) € ( <:Z> g x) “Ein ((T:)i, x> (5.16)

with a probability to choose a specific combination equal to:

_ e((7);x) e ((3)y %) '

5.17
Wtot ( )

This implies that in statistical tagging, the choice of defining a jet as tagged or
non-tagged is done a priori, choosing randomly among all possible combinations.
This decision is completely independent of the real b-tagging score of the jets. Thus,
in many cases the real b-tagging score of the jet is in contrast with the statistical tag-
ging choice (i.e. the jet has been defined as tagged by the randomly picked combina-
tion, but it has a very low real MV2c10 score). This represents a serious limitation in
case the specific value of the b-tagging discriminant needs to be used in physics anal-
yses, for example when introducing the MV2c10 score as discriminating variable in
the BDT (see Chapter 8). To solve these inconsistencies, the b-tagging scores of all
the jets in the event are re-assigned accordingly to the choice of the combination. A
new b-tagging weight is generated for each jet in the event:

- The jets defined as the tagged jets of the combination will have b-tagging
scores above the b-tagging requirement used in the analysis,

- The jets defined as the non-tagged jets of the combination will have b-tagging
scores below the b-tagging requirement used in the analysis.

These new weights are chosen randomly from the distribution of the output
weights (i.e. Figure 5.11), keeping into account its non-flat shape. The procedure
of generating the new MV2c10 scores can be better explained with the three jet ex-
ample. Assuming the three jets to have b-tagging scores equal to MV2c10;; = 0.17,
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MV2c10;, = 0.73 and MV2c10j3 = 0.99, then if the chosen combination requires
the first two jets as tagged and the third jet untagged at 70% operating point, the real
MV2c10 scores are not reflecting this choice (because the 70% operating point thresh-
old is set at 0.83 according to Table 5.5). Therefore, new MV2c10 scores are needed.
The j; and j, should have scores above the 70% WP requirement, with probability
to be in the 70%-60% bin or in the > 60% one proportional to the relative efficiency
between the two bins. A first random choice between these two bins, taking into
account their relative difference in the efficiency, is made to set the edges of the new
MV2c10 score (i.e. 0.83-0.94 or 0.94-1. according to Table 5.5) and then a flat ran-
dom number is generated between these edges. The MV2c10 score of the untagged
jet is obtained in the same way but considering the efficiency bins below the 70%
operating point requirement.

5.4.1 The efficiency maps

The b-tagging efficiencies e (j) used to determine the truth tag weight of each jet

in the permutation are taken from 2-dimensional maps computed as a function of the
jet kinematic (pr and 77) and the jet truth flavour label. The 2-dimensional maps are
assumed independent of the production process and therefore determined just on ¢t
samples. Figure 5.18 shows the official maps for the nominal ¢t MC generator con-
figuration (POWHEG +PYTHIA 8+EVTGEN)® released by the ATLAS flavour-tagging
working group in October 2018. Alternative efficiency maps are computed for the
other generators and parton showers models (i.e. SHERPA, HERWIG) and MC-to-
MC scale factors are used to match the efficiencies of the nominal sample to correct
for differences introduced by the different hadronization and fragmentation mod-
els. The jets used to compute the offical efficiency maps were required to pass the
following criteria:

- pr > 20 GeV

- |n] <24 GeV

- JVT>0.59 for jets with pr < 60 GeV

- remove the overlapping electrons and muons in a cone of AR=0.3 around the

jet axis.

Besides its technical complexity, one disadvantage of the truth-tagging method
comes from ignoring possible correlations between the b-tagging efficiency of dif-
ferent jets in an event or the dependence with respect to other kinematic variables
(for example AR). As shown in Chapter 8, one possible solution to this problem is to
recompute the efficiency maps for each specific process of the analysis, to reduce as
much as possible the topological biases.

5.5 Summary

This Chapter described the design and the performance of all the basic and high-
level b-tagging algorithms used for the identification of b-jets in Run-2. Improve-
ments in the Run-1 taggers have been implemented, resulting in more performant
flavour-tagging algorithms available for the 2017 ATLAS analyses campaign. Over-
all the new training procedure for MV2 leads to a gain of approximately 40% in c-jet
rejection at 77% b-jet efficiency with respect to the previous algorithm used for 2015
analyses [155].

8. POWHEG for the matrix element, interfaced with PYTHIA for the parton shower hadronisation
and underlying events model and EVTGEN for heavy flavour decays
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FIGURE 5.18 — Efficiency maps for b-, c-, light- and 7- jets as a function of jet pr and
|7] for MV2c10 at 70% working point computed using ¢f events generated by POWHEG
+PYTHIA 8+EVTGEN. These maps were released in October 2018 by the ATLAS flavour

tagging group.
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Promising results are coming from alternative neural-network-based algorithms,
such as IP RNN, being able to account for correlations among the different tracks.
Different enhanced options containing a dedicated soft muon tagger algorithm are
also available for testing, with an expected increase in light-jet rejection power.

The second part of the Chapter focused on the definition of efficiency for a b-tagging
algorithm. At first order, and for isolated jets, the efficiencies are assumed to be in-
dependent of the physics process and therefore they can also be used to implement
an alternative statistical method referred to as the tag rate function or truth tagging, to
perform b-tagging on light- and c-jet dominated processes. The theoretical basis of
this method has been described in this Chapter, while more details about the perfor-
mance are given in Chapter 7 and Chapter 8. The data-driven techniques to extract
the b-tagging efficiency calibration for b-, c- and light-jets were also described. These
data-driven calibration techniques are leading to efficiency SF of the order of 1 for
b-jets, 1.2 for c-jets and between 1.5 and 3 for light-jets, depending on the considered
working point.
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6 | Electron and photon energy
calibration

Despite the smaller branching ratios, final states involving electrons and photons

are often preferred to fully hadronic signatures at hadron colliders, because of their
cleaner signal in the detector. An accurate energy determination of electrons (and
photons) is therefore mandatory for many precision measurements at LHC, such as
the measurement of the Higgs and W boson masses. Electron and photons are re-
constructed from showers generated in the electromagnetic calorimeter (Figure 6.1).
Their energy is defined as the sum of the energy deposits in the EM calorimeter cells
by the shower, as described in Section 4.2. Due to finite dimensions of the cells or
material interactions before the calorimeter, part of the initial object energy is lost
when computing the energy sum, so a dedicated recovery procedure needs to be
applied.
In ATLAS, the nominal electron and photon energy calibration is obtained mainly
by the combination of Multi Variate Analyses (MVA) based on Monte Carlo and
data-driven techniques exploiting Z — ee decays. Further extrapolations of the sys-
tematic uncertainties are performed to account for differences in particle type (elec-
trons/photons) and in the transverse momentum interval (low /high pr).

FIGURE 6.1 — Simulation of the shower shape development of a 10 GeV electron inside
the ECAL performed with Geant4.

The discrepancies due to the different particle-type and pr range must be quantified
using alternative methods, in order to validate the calibration chain before applying
it in physics analyses. This is what I was involved in during my first year of PhD. In
particular, I tested the extrapolation of the systematic uncertainties for low energy
electrons, deriving the energy calibration with a complementary and lower mass
standard model candle (J/¢). The results are in good agreement with the Z— ee ex-
trapolation, with discrepancies of less than 1.5% in the whole pseudorapidity range.
This study has not been directly applied to the VH, H— bb analysis, which makes
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use of higher pr electrons. But it has been important for other Higgs boson precision
measurements, such as the first Run-2 measurement of the Higgs boson mass in the
four lepton channel [170], which makes use of electrons with a pr threshold as low
as 5 GeV [171].

This Chapter is an overview of the techniques used in ATLAS to perform the electron
and photon energy calibration in Run-2. The calibration with low energy electrons
is presented in more details in the second part of the Chapter.

6.1 Overview of the calibration procedure

The final reconstructed energy, as well as the energy resolution of electrons and
photons, can suffer from inaccuracies due to several effects [172]:

- Energy loss due to material in front of the ECAL (i.e. cryogenic system, the
inner tracker, the solenoid).

- Energy loss due to inactive material inside the ECAL (i.e. cables and LAr
system).

- Lateral energy leakages outside the reconstructed cluster, due to the finite
number of cells used to reconstruct the cluster.

- Longitudinal energy leakages behind the electromagnetic calorimeter for en-
ergetic particles not fully absorbed by the ECAL.

simulation training of 3 ° Z>ee
MC-based | s resolution |
ely calibration smearing
EM MC-based calibrated
cluster ely energy ely
energy calibration energy
4
data longitudinal . " Z>ee
=3 layerinter- [~ > uniformity | scale —>
- corrections o
calibration calibration
6 Jp>ee Z>lly
data-driven scale validation

FIGURE 6.2 — Schematic overview of the procedure used to calibrate the energy response
of electrons and photons in ATLAS [99].

The simple sum of the energy deposits in the calorimeter is referred to as the raw
energy E,q of the cluster 1

The goal of the calibration is to quantify the total energy loss using measurable
quantities and recover the bias between E,;;, and the true energy of the particle. The
different steps of the procedure are shown in Figure 6.2, and they can be summarized
as follows:

- The properties of the electromagnetic shower are combined in a multivariate
algorithm based on a Boosted Decision Tree and the raw energy of the cluster
is calibrated to the original (truth) energy in simulated MC samples. This
correction is applied both to data and simulated samples and it represents
the core of the calibration procedure.

1. The E;sp energy is obtained converting the electric signal induced in the LAr gaps. The signal
is amplified, shaped and sampled (at a rate of 40 MHz). The sampled signal is digitized by ADC con-
verters and the digitized samples are then converted in energy deposits using a hardware calibration,
periodically updated to follow the data taking conditions. More details are given in Ref. [173].
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- The ECAL has a multiple layers design as described in Section 3.2.4. In order
to ensure a uniform response, the relative energy scales of the different layers
must be adjusted in data. This is valid also for local non-uniformity correc-
tions, such as non-nominal HV settings, geometric effects or biases associated
with the LAr calorimeter electronic calibration.

- An in-situ calibration based on Z—; ee events is used to correct for remaining
discrepancies between data and MC after the previous two calibration steps.
In data, the energy scale is corrected such that the position of the di-electron
invariant mass peak is equal to the expectations from MC. Then, corrections
to match the energy resolution in data and MC are derived and applied to the
simulation.

- The calibrated energy scales are validated with two cross-checks: at lower en-
ergies using electrons from ] /¢ — ee decays and with photons from radiative
Z— llyevents (I =y, e).

More details about each step of the calibration procedure are given in the following
Sections.

6.2 Simulation based energy calibration

The simulation based calibration [174] is the first step and it aims at recovering
the energy loss outside the cluster and the loss due to passive material. A set of
variables sensitive to the energy response is used to train a BDT-based regression on
simulated single electrons and photons. The list of variables used for the 2015-2016
training campaign is presented in Table 6.1. One prerequisite for these variables is
a good data/simulation agreement of the distributions, to avoid overcorrections or
distortions. The BDT optimisation is performed separately for electrons, converted
and unconverted photons and the resulting multivariate calibration is then applied
to data as well as simulation.

The output of the regression BDT is the correction Ejye / Esec, which applied back
to Egcc should give a calibrated value (E ;) close to E;ye. Multivariate regression
algorithms generally aim at minimising the root mean square (RMS) between ob-
served and predicted values [175]. This leads to an optimisation in which the mean
value of the output energy E_,;; is close to Ese, but not necessarily equal to it. This is
true especially for low Ert electrons, for which the energy response is not completely
Gaussian, but exhibits tails mostly due to bremsstrahlung in the material upstream
the calorimeter. Figure 6.3(a) shows the E_ji / Etyye distribution for electrons with Et
between 50 and 100 GeV and || in the 1.4-1.6 region. The distribution is peaked at
1, with a standard deviation ¢ of ~ 3% evaluated with a Gaussian fit. Figure 6.3(b)
shows the related relative effective energy resolution (¢/E) as a function of |#jyster|
for different true transverse energies. The values are varying between 1% and 8%
depending on the electron energy, with a peak of ~ 10% in the transition region for
5 < Etr < 10 GeV electrons.

6.3 Layer intercalibrations

To ensure a uniform response in pr (linearity), the relative energy scales of the
different layers must be adjusted in data before estimating the energy of the electron
or photon. This step is performed using muon energy deposits in the calorimeter.
Being charged minimum ionizing particles (MIP), muons are essentially insensitive
to the amount of material upstream the EM calorimeter, their energy deposit is a
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Variable Description

Euce Espee = EJY + EIZ¥ + EIZ" total raw cluster energy, de-
fined as the sum of the uncalibrated 2 energies of the var-
ious layers (strips, middle and back).

EZ%/ Eace Ratio of the energy in the presampler to the total raw
cluster energy, used only for clusters in the acceptance
of the presampler (1| < 1.8).

EN“/EZY Ratio of the energy in the first accordion layer to the sec-
ond one.

Heluster Pseudorapidity in the ATLAS frame (i.e. taking into ac-
count the misalignment of the detector).

Nealo/ AY Cell index: an integer identifying a cell in the middle

layer, with #.,, the pseudorapidity of the cluster in the
calorimeter frame and Ay = 0.025 is the size of one cell
in the middle layer.

Hedge It is defined as #.4, modulo the width of one cell of the
middle layer (Ay = 0.025). It corrects for variations in
the lateral energy leakage, which are larger when the
particle hits close to the cell edge.

Pabs ¢ca1o With respect to the lead absorbers, with a pe-
riodicity of the lead sheets in the calorimeter of
27t/1024 (27t/768) in the barrel (end-cap). It corrects for
variations in the sampling fraction as a function of ¢. It
is defined as ¢4, modulo 271 /1024 (271/768).

E4 Energy deposited in the "crack" scintillator cells (part of
the Tile calorimeter in 1.4 < |y| < 1.6, with Ay x Ap =
0.1 x 0.1).

AP = Peryster — PE, | Difference between the cluster position and the centre of
the E4 cell.

TABLE 6.1 — Discriminating variables used in the BDT to match E,; to E¢ye. Additional
variables are used for converted photons and summarized in Ref. [174].
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FIGURE 6.3 — (a) Distribution of the calibrated energy E_ 5, divided by the generated
energy Etye, for electrons with 1.4 < || < 1.6 and 50 < Er 4, < 100 GeV. The dashed
(solid) histogram shows the results based on the energy calibration without (with) the
scintillator information, while the curves represent Gaussian fits to the cores of the dis-
tributions. (b) Relative o/ E resolution as a function of |7| for electrons at different ener-
gies [173].

direct measurement of the total active material (LAr) the traversed. This energy can,
however, be incorrectly reconstructed due to cross-talk or electronics effects. The
purpose of this calibration is to correct for those non-linearities and restore good
energy response in the EM calorimeter disentangling pure calibration from material
effects. The measured muon energy is typically 60 MeV in the strips and about 210
MeV in the middle layer, with a signal to noise ratio of about three [176]. Further-
more, muon energy deposits are quite localised, most of the energy being recon-
structed in one or two cells.

A correction factor «aq,; is extracted as a double ratio of the energy deposits in the
first and second calorimeter layer in data and simulation:

(Ef5)

= ,

(6.1)

where (E/,) = E1/E; is the ratio of the most probable values (MPV) of the energy
deposited by a particle in the first and the second layer of the EM calorimeter.

The observed muon energy distribution in each layer is given by the convolution of
a Landau distribution describing the energy deposit, and a noise distribution to ac-
count for electronic and pile-up noise. The MPV of the deposited energy is extracted
in different # bins using either an analytic fit or a truncated mean (TM) method. In
the first method, the MPV is extracted from a fit of the convolution function to the
observed muon energy distribution. The noise distribution is determined from tem-
plates computed separately in data and simulation and for each 77 bin. The templates
in data are determined from events triggered on random LHC bunch crossing, with
a trigger rate proportional to the instantaneous luminosity ("zero-bias events"). Such
events are not available in simulation, so the MC templates are built looking at the
energy in cells far from the particles, using dedicated single-particle samples.
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The second method tries to estimate the mean energy of the distribution, but as the
energy loss resembles a Landau distribution, with a long tail on the high values
side, the mean cannot be analytically defined. The location of the Landau peak is
then evaluated by computing the mean on a truncated range of this distribution.
The nominal scale factors are obtained by averaging the results calculated with the
two methods, and half of their difference is taken as an uncertainty in the result.

Due to a possible mismodelling in the simulation, pileup effects do not cancel
in the double ratio, leading to remaining differences in the scales as a function of y.
To correct for this effect, each 7 category is split in pileup bins of Ay = 1 and the
results are linearly extrapolated to a 0-pileup-like region. Zero pileup MC samples
are used to validate the procedure. The final scale factors are presented in Figure
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FIGURE 6.4 — The a/,(17) corrections obtained from the study of the muon energy de-
posits in the first two layers of the calorimeter. The results from the two methods are
shown with their statistical uncertainties. The final average measurement is shown with
its total uncertainty including the statistical and systematic uncertainties [173].

6.4 as a function of the muon pseudorapidity. The main sources of systematic un-
certainty affecting the measurement are: the modeling of the energy loss outside
the cells (uncertainty between 0.5% to 1%), the accuracy of the pile-up extrapola-
tion in MC (uncertainty between 0.2% and 1.5%), the choice of the cell in ¢ (~ 0.2%
uncertainty), change the range for the calculation of the truncated mean (~ 0.5%
uncertainty) and, as said before, half of the difference between the MPV and the
truncated-mean methods (uncertainty between 0.5% and 1%) [177].

When performing the E1/E2 calibration, the "true" energy loss by the muon in the ac-
tive area of the calorimeter is assumed to be perfectly simulated in the Monte-Carlo.
Additional systematic uncertainties on the amount of cross talk in the cells and other
effects changing the true energy loss are taken as systematic uncertainties on the
scales. Furthermore, the layer scales must be extrapolated to electrons and photons
before being applied, and this process can be impacted by geometry. The total uncer-
tainty on this extrapolation is visible in Figure 6.8, under the label a1 /,(u — e). The
single sources contributing to this uncertainty were defined in Run-1 and they have
not changed for the Run-2 measurement [178]. The main sources are: the uncertainty
on the effective geometry of the area between the two layers (active area, location of
the transition), the uncertainty on the cross-talk between L1 and L2 and within the
cells of the same layer, the difference on the lateral shower profile in data and MC
for electrons (and photons) and the uncertainty on the effective charge collection in
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LAr. Finally, the scales are applied to the data as an |77|-dependent correction to the
energy measured in the middle layer (E.;y = Ex X a12).

For most EM showers, the bulk of the particle energy is deposited into the second
calorimeter layer, while the third layer usually does not absorb a significant fraction
of the energy and serves mostly to quantify the amount of energy "leaking" out into
the hadron calorimeter. Its impact on the electron and photon calibration is negligi-
ble, therefore no dedicated intercalibration of the back layer has been carried out.

A thin presampler (PS) layer is installed in front of the accordion calorimeter in
the pseudorapidity interval || < 1.8, as described in Section 3.2.4. This layer is used
to correct for the energy loss upstream the calorimeter. The PS energy scale apg is
defined as the ratio of the PS energy (Ej) in data and MC simulation and is estimated
using electrons from Z boson decays. Prior to the measurement, the effects on Ey of
the mismodellings in the amount of passive material upstream the PS (i.e. read-out
cables, cooling systems, support infrastructures) must be taken into account, since
they would result in an apparent PS energy scale bias.

The longitudinal profile of electromagnetic showers can be used to quantify the rel-
ative abundance of material in a specific region of the detector. In particular, the
relative amount of energy deposited into the first and second accordion layers de-
pends significantly on where the shower is initiated. Higher values of E;/; in data
than in simulation indicate an earlier shower development, and hence a local excess
of material in comparison with the simulation. Conversely, relatively late shower
development, and so lower values of E;,,, would imply that the region has lower
amounts of material than in simulation.

The measured PS energy scale apg is thus:

Edata
aps (1) = EZ((Z; (6.2)

where E§ is the PS energy in the simulation after applying the various material
corrections. Since the amount of passive material upstream the calorimeter leading
to energy loss and to miscalibrations of the electron energy scales varies in pseudo-
rapidity, the energy scale corrections aps are computed as a function of 7.

Taking into account the correlation between the ratio E; /, and the PS energy at a
given 77, E;°™ can be parameterized as follows:

) ( B () )
=14+A —_r 1], 6.3
EY (1) ) EMS (1)b1/2(17) (6.3)

where A(y) is the correlation factor, estimated from simulations with various
amounts of additional material upstream the PS and by 5(#) is the correction for the
passive material between the PS and L1, estimated in data from unconverted pho-
tons with low PS activity. E1,5(7) is the ratio of the energy in the first and second
layer of the ECAL as described above. In data the E;(7) in the E; /5(77) ratio has been
corrected by the scale factors derived with muons as described in the previous para-
graph. The PS energy corrections apg are extracted averaging E§2%?(17) / ES™ (17) over
pseudorapidity intervals corresponding to the presampler module size (i.e Ay = 0.2
in the barrel and Ay = 0.3 in the end-caps). As shown in Figure 6.5, the corrected
measurement are uniform at the 2-3% level, depending on 7.
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FIGURE 6.5 - Ratio of the average PS energies, E§t / EYC, for electrons in data and sim-
ulation as a function of ||, before and after corrections for by, and material upstream
of the PS. The full lines with shaded bands represent the PS energy scale as a function of
||, aps (), and its uncertainty [173]. The peak at 0.7 for the uncorrected values is due
to a change in the amount of TRT material as shown in Figure 3.6.

6.4 Uniformity corrections

Additional corrections are needed in data to counterbalance inhomogeneities
in the high-voltage and energy loss in the inter-module spaces between the barrel
ECAL modules not present in the simulation. For example, the liquid argon gaps in-
between the 16 barrel modules are slightly larger than the gaps within the modules,
causing an underestimation of the measured energy in these regions. The gaps are
further altered in ¢ due to gravity distortions, which causes the gaps to be smaller
at the bottom and larger at the top. The correction is obtained using the ratio E/p of
the calorimeter energy to the track momentum as a function of ¢ and it is observed
to be up to 2% [179].

Some specific sectors (A x A¢ = 0.2 x 0.2) use non-nominal HV settings for the
readout of the electromagnetic calorimeter. This effect is, in principle, already cor-
rected at reconstruction level. However, residual effects can still arise, for example
in case of large currents. An empirical correction is extracted from the E/p profiles
in data computed for these regions, to restore a uniform response in the whole 17 — ¢
plane. The correction factors are between 1% and 7% and they are applied to 2%
of the calorimeter acceptance (considering only || < 2.5). These corrections are
validated using Z — ee events.

6.5 In-situ energy scale and resolution corrections

After the previous corrections have been applied, the remaining discrepancies
between data and simulation are quantified using in-situ calibration techniques. The
origin of these discrepancies is not precisely known (e.g. temperature can be one
factor); the in-situ calibration corrects the effects based on a data to MC comparison
of Z— ee events. In data, the energy scale is corrected such that the position of the
Z mass peak matches the expectations from the simulation. Energy scale factors are
derived in bins of # and applied on the energy of electron and photon candidate
objects. At the same time, corrections to match the energy resolution in data and
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MC are derived and applied to the simulation. Additional systematic uncertainties
are derived to account for the electron-to-photon extrapolation.

The energy miscalibration a(#) is quantified as the relative difference in response
between data and simulation and is parameterized as:

Erees (11) = Egeco (1) (1 + (1)) (6.4)

MC

reco 18 the reconstructed

reco
electron energy in the simulation.

The invariant mass of a reconstructed Z— ee candidate can be written as:

where ER2% is the reconstructed electron energy in data and E

mg, = 2E;E;(1 — cos 6;;), (6.5)

where E; and E; are the energies of the two electrons corrected by all the factors
described so far and 6;; is the angle between the electrons measured by the inner
detector. The 6;; angle for electrons at 40 GeV is known with a resolution of ~ -1074
rad according to [180] (Figure 3.6). Thus, the impact of the 6;; resolution on the final
di-electron mass can be neglected. The effect of the electron energy miscalibration
on the di-electron invariant mass is:

o+ o
mData ~ yMC (1 4L 5 ]> , (6.6)

where mD2t (mMC) is the reconstructed di-electron mass in data (MC), and second-
order terms in the «;’s have been neglected due to the smallness of such factors.

The "reco" label is omitted for simplicity and the @ term can be referred to as a;;.

Additionally, since the relative resolution of the ECAL can be written as in Equation

3.9 in Section 3.2.4, and that ¢ is one of the dominant terms for Z — ee electrons?,

the corrections to match the MC resolution to the one in data can be parameterized
as an additional constant term ¢; in the resolution formula:

o o ,
HIRORCI
Data MC

Similarly to the energy scales, the smearing of the single-electron energy from Equa-
tion 6.7 propagates to the invariant mass of two electrons falling in #.,, bins i and j
in the following way:

(0'<m]>> - 1<(0<Ei>)2 (<Y ) o)
mij T4 E; data E; data '

Data
(T(Ez‘) 2 ” (T(Ej) 2 7]
( E; )MC tan ( E] )MC + Cj (69)

2 2 2
_ ( ( lJ)) 4 y I (6.10)
MC

Considering the effective correction cgj to apply on both electrons, the additional
constant term in the MC energy resolution has an effect on the mass resolution such

3. And assuming the 2 and b terms well known from external meaurements.
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g 2 2
The quantities «;j and c; ; are evaluated independently for each (17i,1;) configura-
tion of the two electrons. The corrections are extracted using the so-called "template
tit method". Another method, referred to as the "lineshape method", has been used
as cross-check and the differences have been taken into account in the evaluation
of the systematic uncertainties. Since this cross-check relies on the same procedure
used for the J/1p — ee study, a detailed description will be given directly in Section
6.8.
In the template method, a set of template histograms of the invariant mass are cre-
ated from the simulation, with extra values of energy scale a;; and resolution smear-
ing cgj added to the nominal distribution as described before, in a range covering
the expected uncertainty in narrow steps. The templates are built separately for
the various electron pseudorapidity configurations (1;, 77;). Analog distributions are
built in data for each (7;, 77;) category. The templates are then compared to the data
distribution fixing one of the two parameters at a time («;; first and then ¢} i)-
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FIGURE 6.6 — Results of the data-to-MC calibration from Z — ee events for (a) the energy
scale corrections («;) and (b) the energy resolution corrections (c;) as a function of 7. The
systematic and statistical uncertainties are shown separately in the bottom panels [173].

The results are shown in Figure 6.6. The energy scale correction factors are typ-
ically of the order of 1-2%, with uncertainty around ~ 0.05%, rising to 0.1% in par-
ticular regions of the acceptance affected by large amounts of material upstream of
the calorimeter. The additional constant term varies between 0.7% and ~ 2% for
|| < 2.4, with 0.4% as highest uncertainty. The energy scale factors and the addi-
tional constant terms are applied on data and MC respectively. The calibrated Z— ee
mass distribution is shown in Figure 6.7. Data and simulation are now compatible
within the systematic uncertainties. A combination of multiple residual effects cre-
ates the non-linear shape of the data/MC ratio shown in the Figure, for example,
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the slope at low values comes mainly from a residual QCD contamination passing
the event selection, while the difference at higher values is mainly due to material
effects. In both cases, the difference is covered by systematic uncertainties.
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FIGURE 6.7 — Z — ee mass distribution around the Z-mass peak for data (black) and
MC (red) after applying the in-situ calibration. The calibrated data distribution is shown
without applying any background subtraction and the simulation is normalised to data.
The green band in the bottom panel corresponds to the total scale factors systematic
uncertainty [173].

6.6

Systematic uncertainties

The full model of the energy scale uncertainties consists of 64 independent nui-
sance parameters (see Section 7.4.2), while the full model of the energy resolution un-
certainties consists of 9 independent nuisance parameters. The total systematic un-
certainty is the sum in quadrature of all the single independent uncertainty sources.
Figure 6.8 shows the main sources of uncertainty on both energy scale and energy
resolution for electrons with |77 < 0.3 and energy 5 GeV < Et < 200 — 500 GeV. The
uncertainties are also listed below.

Layer intercalibration: The impact of PS and L1/L2 layer intercalibrations are
taken into account with 5 dedicated uncertainties, varying in 77. Two for the
a1/ measurement and three for the PS calibration. An additional uncertainty
is added for the calibration of the gap scintillators (1.4 < || < 1.6).

Cell energy non-linearity: The uncertainty on the gain intercalibration is taken
into account separately for Layer 1 and 2. These uncertainties are determined
from Z — ee events in normal running conditions and special run data. No
segmentation in 7 is assumed. The typical gain uncertainties are ~ 0.10 —
0.15% in the barrel and ~ 0.3 — 0.5% in the end-caps for unconverted photons
with Et = 60 GeV.

Material: The impact of the material upstream the calorimeter is covered by
11 uncertainties. Among them, 3 account for the uncertainty in the inner
detector material, taken from detector construction reports, while the others
correspond to the uncertainty in the material between the inner detector and
the calorimeter. Different values of the systematic uncertainties are applied
in regions with and without the presampler.

Lateral shower shape modelling: The electron energy response as a function of
the shower width (in the 7 direction) can differ in dat and simulation. Their
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difference is taken as systematic uncertainty for the calibration. Furthermore,
an imperfect modelling of the lateral shower development in the simulation
can lead to a wrong lateral leakage description in simulation. Dependence
on shower 1 width. The in-situ energy calibration absorbs this MC-data dis-
crepancy only for electrons, while for photons there are two dedicated un-
certainties accounting for the lateral leakage in converted and unconverted
photons.

- Z— ee calibration: The total systematic uncertainty on the in-situ calibration is
extracted as the sum of different sources of uncertainty, like the mass window
variation, the event and electron selection, trigger, identification and recon-
struction efficiencies, bremsstrahlung electrons, pile-up, background impact
and closure of the method. An accurate description of the different systematic
uncertainties is given in Ref. [111].

- Photon-specific uncertainties: Three types of uncertainty are specifically added
in case of converted and unconverted photons. The first one covers the im-
perfect descriptions of the conversion efficiency, while the second accounts
for the different conversion fake rate in data and simulation. The third covers
the uncertainty on the radius chosen for the track-cluster association. In fact,
larger radii increase the probability for pileup induced tracks or fake tracks
to be associated with an EM energy cluster.
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FIGURE 6.8 — Fractional energy scale calibration uncertainty for (a) electrons as a func-
tion of Et for |5|=0.3. The total uncertainty is shown as well as the main contributions,
which are represented by the signed impact of a one-sided variation of the correspond-
ing uncertainty. Relative energy resolution, o (E)/E, as a function of Et for electrons at
|7| = 0.3. The yellow band in the top panel shows the total uncertainty in the resolu-
tion. The breakdown of the relative uncertainty in the energy resolution, o /¢ is shown
in the bottom panel. [173].

The systematic uncertainties for electrons from Z — ee events are entirely ob-
tained from the Z — ee calibration described above. Since the Z — ee events give

assess mainly to electrons at (Ef}(Z%eeb ~ 40 GeV, the effect of these uncertainties
needs to be extrapolated at different energies (and particle-types) as follows:

SES(Er, i) = AEYY (Ex, ) — AES((ESZ 79, ). (6.13)

where AE;(Et,7) is the total change in energy induced by the source i as a function
of Et and 7. This effect is partially absorbed by the Z-based effective calibration for

electrons of Et ~ (E?Z—)w) ), with a net change in energy of JE;”. The effect on the
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energy can be positive or negative with a possible change of sign near (E;(Z_m)} In
case of electrons with Et around 40 GeV the total uncertainty on the scales is 0.02%
in the barrel and 0.1% in the end-caps. For electrons of 10 GeV the total uncertainty
varies up to 0.5% in the barrel and 0.8% in the end-caps.

6.7 Photon calibration with Z — [y events

The scale factors extracted from Z— ee events are assumed to be valid also for
photons, within the uncertainties estimated as explained in the previous paragraph.
This assumption is validated using photons from radiative Z— [l events, with |
being u or e. Photon energy scales are computed for the muon and electron chan-
nels separately and as a function of different photon properties, such as conversion
status, energy and pseudo-rapidity. The photon energy scales (PES) can be parame-
terized with a standard correction to the individual photon energy as:

E%,Data _ E%’Mc(l + DC')/)/ (6.14)

where E! is the energy after the full standard calibration, and «,, is the scaling factor
term applied to the photon energy. To reduce as much as possible the impact of
the lepton energy and momentum scales, the measured three-body invariant mass
is divided by the measured two-body decay mass, leading to the following double
ratio:

R( _ <m(ll’)/(0‘))datu>/<m(ll)datu>
n) =
{m(ly)me)/ (m(U)mc)

where (mj;,) and (my;) are the measured MPV of the three-body and two-body
invariant mass. A sample of Z bosons decaying into two leptons, with no photon
requirement, is used to extract the (m,.) and (m,,) two-body mass measurement.
The central value of «; in a specific bin is determined from the condition R(«x) = 1.
As shown in Figure 6.9 the discrepancies with the Z— ee based calibration are less
than 0.4% throughout the entire ECAL pseudo-rapidity region and covered by the
uncertainty of the calibration procedure.

(6.15)
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FIGURE 6.9 — Energy scale factor, Ax, for (a) unconverted and (b) converted photons
with their uncertainties. The points show the measurement with its total uncertainty.
The superimposed band represents the full energy calibration uncertainty for photons
from Z — [y decays. [173].
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6.8 Low-momentum electron energy calibration

The average energy of electrons coming from J/¢y — ee decays varies between
12 GeV in the barrel and 28 GeV in the end-caps. Thus, this alternative SM "candle"
represents a perfect probe to test the calibration at energies much lower than the
Z peak. Prior to the measurement, the nominal corrections obtained from Z — ee
events are applied, so the measure focuses only on the miscalibrations due to the
change in the electron energy.

The method used to extract the energy scale corrections follows closely the one
used in Run-1 [181] and is briefly summarised here. Any miscalibration of the elec-
tron energy can be parameterized as in Equation 6.4 and its impact on the di-electron
invariant mass follows the calculation explicited for the Z— ee case, leading to equa-
tion 6.6, reported here for completeness:

o+ o
Data ~, ,,,MC ! ]
mEC - m€€ (1 + 2 > 4

where mDa%? (mMC) is the reconstructed di-electron mass in data (MC) from J/¢ — ee

events, and second-order terms in the «;’s have been neglected due to the smallness
of such factors.

Thus, the reconstructed distribution of the dielectron J/¢ peak in data (mDa@
and in the simulation (1}€) are compared in an interval around the J /1 mass. This
allows for a measurement of the energy scale correction « in intervals of the electron
pseudorapidity. Such corrections are determined by minimising an unbinned log-
likelihood:

NZ m®
—InLy = —InL;; () (6.16)
P i\ 1 N oc,(k)eroc](k)

with 0 <, j < Nregions, I and j being the pseudorapidity regions (or categories) with
the leading electron in the i pseudorapidity bin and the other electron in the j
pseudorapidity bin. Neyents is the total number of selected events and each event is
related to just one ij category. L;j(1m. | a;a;) is the probability density function (PDF)
describing the m,, distribution in MC for the ij category: the number of categories
have been reduced assuming L;; = Lj;. The PDFs (L;;(1..)) are produced separately
for each configuration (1;, 77;) using the following binning:

[+0, +0.4, £0.8, £1.10, +1.37, £1.52, +-2.40] (6.17)

The statistics collected in Run-2 is much smaller than in Run-1 [111], due to a
heavier prescaling of the J/¢ — ee triggers. This binning was chosen to maintain
the statistical uncertainties below 1072 in the barrel region.

The fit on the two electrons invariant mass has been also extended to the res-
olution variables, in order to measure the energy resolution of low Er electrons.
This directly probed some of the parameters used to describe the energy resolution
of the ATLAS electromagnetic calorimeter described in Section 3.2.4. In particular,
J/¢¥ — ee electrons are good probes for the measurement of the sampling term of
the energy resolution formula. In fact, at their typical energies, the effect of the sam-
pling term is expected to be significantly larger than the one of the constant term, and
larger or comparable in size to the noise term. Assuming the constant term and the
noise term well known from Z— ee and zero-bias (pile-up only) events respectively,
as described in Section 3.2.4, then the resolution corrections can be parameterized
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o o Aa
Z == o — (6.18)
<E)Data <E>MC \/E

with Aa/+/E an extra sampling term. A detailed description of the procedure to
extract both energy scales and energy resolution factors is given in the next Sections.

6.8.1 Data and simulated samples
Data samples

The analysis is performed on /s = 13 TeV pp collision data collected in 2015 and

2016. The data have been collected using an OR of the following J /¢ — ee triggers:

- HLT_e5_1htight_nodO_e4_etcut_Jpsiee

- HLT_e9_lhtight_nodO_e4_etcut_Jpsiee

- HLT_el14_lhtight_nod0O_e4_etcut_Jpsiee
which are selecting di-leptonic events with Er of the subleading electrons above 4
GeV and leading electrons with increasing thresholds in Et of 5 GeV, 9 GeV and 14
GeV respectively. A tight identification requirement is asked for the leading-Er elec-
tron as described in Section 4.2.1.
Due to the large background rate, such triggers are highly prescaled as can be in-
ferred from the collected luminosities in the second column of Table 6.2. Events
are required to pass standard data quality requirements ("AllGood" good run lists,
ignoring the toroid status). After the trigger and data quality requirements, the inte-
grated luminosity of the selected data sample is 0.71 fb~1. The integrated luminosity
collected by each ]/ trigger separately is listed in Table 6.2.

Monte Carlo samples

The J /1 candidates produced in pp collisions at the LHC can be either:

- prompt, when they come as a direct product of the proton-proton collision.

- non-prompt, when they originate from the decay of a b-hadron.
In the ATLAS 2016 Monte Carlo simulation campaign, samples of ]/ particles de-
caying to dielectrons have been produced separately for prompt and non-prompt
J/¢, and with varying lower thresholds on the leading electron transverse momen-
tum, increasing from 3 GeV to 8 GeV and then to 13 GeV. Both prompt and non-
prompt samples are generated with PYTHIA 8 and processed through a full ATLAS
detector simulation based on Geant4. This separation between prompt and non-
prompt component has no particular advantage for calibration purposes, but the
same simulated events have been shared with the |/ — ee Tag and Probe anal-
ysis measuring the isolation SFs, which needs such separation. In this work, the
two components have been merged by carefully choosing a correct normalization
fraction (see next Section). An additional complication is given by the fact that the
samples have been produced in Er slices, which must be orthogonalized across each
other before merging.

In practice, the samples are orthogonalized and merged with a method relating
energy and trigger selection. Each simulated sample is related to just one of the
triggers listed in the previous paragraph, depending on the transverse energy of
the leading electron as shown in Table 6.2. For each simulated sample, the event
is selected only if it passes the related trigger and if the transverse energy of the
leading electron is in the selected range. In this way, an orthogonalization of the
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simulated samples is performed and topologically identical events coming from dif-
ferent samples are treated consistently. Four slices in Et have been created after this
orthogonalization. The luminosity profiles are expected to differ, due to the different
prescaling of the various triggers. Thus, the average interaction per bunch crossing
distributions in data are derived separately for each particular trigger and the simu-
lations are reweighted accordingly for each Er slice.

The expected fraction of prompt and non-prompt events changes as a function of
Et [182]. Thus, the normalization factors used to merge the prompt and non-prompt
components in each slice have been extracted directly from data, with a fit to the
pseudo proper time distribution of [/ — ee events. A more detailed description
of the method is given in Section 6.8.2. The normalization of the two components
has been performed first pre-normalizing both prompt and non-prompt simulated
samples in each slice to the number of data events in that slice, and then rescaling
each component for the corresponding fraction, as summarized in the last column
of Table 6.2.

Trigger int. Lumi Leading Er MC sample fo

[fb~!] [GeV] [%]
HLT_e5_lhtight_nod0_e4_etcut_Jpsiee ~ 0.004 [5,7] e3e3 0.8370:09 +0.08
0.04 4-0.10
[7.9] e3e3 0.76 7504 006
HLT_e9_lhtight_nod0_e4_etcut_Jpsiee 0.070 [9,14] e3e8 0.68f8:8§ fg:gé
HLT _el4_lhtight nod0_e4_etcut_Jpsiee  0.636 [14,30] e3el3 0.681001 T00%

TABLE 6.2 — Summary of the relation between triggers, transverse energy range of the
leading electron and MC samples. The MC samples have been generated in slices of
leading electron transverse energy and labelled as shown in the "MC sample" column
(i.e. €3: above 3 GeV electron, e8: above 8 GeV electron). The MC orthogonalization has
been performed applying a requirement in Et as shown in the "Leading Et" column, and
requiring the events to pass just the related trigger ("Trigger" column). The "int. Lumi"
column is the integrated luminosity collected for each trigger, while the last column
shows the fractions of prompt events extracted from the fit on the pseudo-proper time
for each slice in Et. The error on f,, shows both statistical and systematic uncertainties.

6.8.2 Event selection

A more stringent selection on top of the trigger requirements described above is
applied to data and simulation to isolate ] /1 — ee events. Both data and MC events
are required to contain two electrons with the following properties:

- opposite charge,

- leading electron transverse energy 5 < E1 < 30 GeV,

- subleading electron transverse energy 5 < E1 < 15 GeV,

- electron pseudorapidity within |77| < 2.47, to exploit the information from the
tracker system.

- fixed cut loose isolation (see Section 4.2.2),

- likelihood-based tight identification, to suppress fake electron candidates from
misidentified hadronic jets, defined as described in Section 4.2.1,

- invariant mass of the di-lepton system in the range [2.1, 4.1] GeV. In this way,
the 1(2s) peak is also reconstructed, thus contributing to the determination
of the energy scale corrections. This large ee invariant mass sidebands allow
also for a better constraint of the background yield and shape,
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- In case of multiple ] /¢ candidates in the event, only the one with highest Et
is selected.
The upper limits on the leading and subleading electron Et have been added to sup-
press the background contamination in the high part of the spectrum, probably com-
ing from Drell-Yan processes, noticed looking at the higher tail of the J/¢ invariant
mass distribution.

All the corrections from the nominal calibrations have been applied while pro-
ducing the samples: scale corrections, layer corrections, smearing of the MC, pile-up
reweighting, isolation, reconstruction and identification efficiency scale factors and
Z — ee in-situ calibration scale factors.

Around 60000 events were collected, using the full 13 TeV pp data collected in
2015 and 2016 (3.2 + 33.9 fb~1), instead of the 118 000 collected in Run-1 (20.3 fb~'at
8 TeV in 2012), due to the much tighter prescaling of the ] /¢ dedicated triggers.

A summary of the number of dielectron candidates collected per # bin is shown
in Figure 6.10. The binning has been chosen as a compromise between the number
of dielectron candidates in each bin, necessary to make the fit converge, and the
pseudorapidity granularity of the electron energy scale measurement.
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FIGURE 6.10 — 2D pseudorapidity distribution of the dielectron candidates selected in
data. 7; refers to the electron with higher pseudorapidity and # is the other one.

Pseudo-proper time fit

An effective way to quantify the fraction of prompt and non-prompt [/ can-
didates in data is to study their pseudo proper time (7) distribution. The pseudo
proper time is related to the decay length in the transverse plane by:

Lyym!/¥
= 7"-’”}/1# , (6.19)
Pt
. . . _ I/¢ J/y
where Ly, is the decay length in the xy plane, defined as Ly, = /pr ",

L the vector from the primary vertex to the J/¢ decay vertex, m/ / ¥ the world-

average mass of the J/¢ meson [20], p%hp the transverse momentum of the /¢ and

] /= = |p} p ?| its magnitude.
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Promptly produced ] /1 mesons are expected to have small pseudo proper times
because they come directly from the hard interaction primary vertex. On the con-
trary, many of the J /¢ mesons produced in b-hadron decays will have a measurably
displaced decay point, due to the long lifetime of the b-hadron parent. An unbinned
maximum likelihood fit on this quantity has been used to distinguish the two con-
tributions and extract the prompt fraction directly from data.

The PDF used in the fit to the T distribution consists of two terms, the first de-
scribing the prompt /¢ (Pp) and the second describing non-prompt |/ coming
from b-hadrons (Pp), weighted for the fraction of the prompt component f,. The
pseudo proper time distribution of promptly produced particles can be modelled
as a Dirac’s delta function peaked at zero, convoluted with a resolution function
which accounts for the detector resolution. The decay probability for a b-hadron is
an exponential distribution E(7), so the PDF for non-promptly produced ]/ will be
an exponential decay convoluted with the same detector resolution function of the
prompt candidates. Let R(7" — T, yr, 0¢) be the resolution function represented as
the sum of three Gaussians. Here (7' — T) defines the mean of the resolution Gaus-
sians, with T the measured pseudo proper time and 7’ the unbiased pseudo proper
time, while y is a parameter defining if the mean is left free to vary in the fit or fixed
to zero and o is the width of the resolution Gaussian. The total PDF can be written
as:

f(r) = fr-Pp(7)+ (1— fp)Pp(7) (6.20)
fr(R®@6)(t) + (1 - fp)(R®E)(7) (6.21)

For every fit, the same resolution for prompt and non-prompt Gaussians was as-
sumed. Regarding the means, all possible combinations of fixed/free parameters
were investigated to account for any possible small bias (7" — 7) different from zero.
The resolution Gaussians can be written as

I _ _ R(T/_T/VP/UP) Wlth(]'p = ONPp
R(T T, VT/ UT) - { R(T/ - T, VNP/ O'Np) and ]/lp = 0, ,MNP — Free (622)

with op and onp the width for the prompt and non-prompt resolution Gaussians and
up and pnp the choices for the prompt and non-prompt y; parameters. The valules
indicated in the Equation represent the best choice from MC toys (see later).

The fit range was optimized by varying the range boundaries in steps of 0.1 ps in
the interval [-1,3] ps. The range [-1.1, 2.9] ps was giving the best x?, thus it was cho-
sen as nominal. The ranges differing by 0.1 ps were used to quantify the systematic
uncertainties. The results of the fit for the bin with leading electron Et between 9 and
14 GeV are shown in Figure 6.11(a)-(d). The combination ensuring the best fit sta-
bility in the largest range has been chosen using simulated pseudo-data (see more
details while discussing the closure test). It is found to be with the prompt mean
fixed to zero and the non-prompt mean free 6.11(c). A cross-check has been done
using directly the T distributions from the MC samples as template PDFs, as shown
in Figure 6.11(e). All these methods will be used as input to evaluate the systematic
uncertainties on the energy scales as described in Section 6.8.5.

All possible combinations (see Table 6.3) were investigated and the difference
between the default and the maximum and minimum variation has been taken as
a systematic uncertainty. The results of the fit for each slice of the leading electron
Et are summarized in Table 6.2. The results are quite different from those used in
Run-1, where the fractions were assumed to vary between 0.62 for e3e3 and 0.44 for
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FIGURE 6.11 — Pseudo proper time fit in data used to extract the fraction of prompt
events using the unbinned fit and a model PDF. The mean of the Gaussians in the
resolution functions are kept: (a) both free for prompt and non-prompt, (b) free for
the prompt and fixed to zero for the non-prompt, (c) fixed for the prompt and free for
the non-prompt (nominal case), (d) both fixed. (e) Cross-check with a binned fit using
prompt and non-prompt MC as template PDFE.
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Option Prompt ‘ Non-Prompt
mean ¢ | mean o
Both Free free free | free = prompt

PromptFree - NonPromptFix | free free | fix(0) = prompt
PromptFix - NonPromptFree | fix(0) free | free = prompt
BothFix tix(0) free | fix(0) =prompt

TABLE 6.3 — Table summarizing the options for ¢ and mean of the resolution Gaussians
of prompt and non-prompt PDFs used in the fit to the pseudo proper time. "= prompt"
means that the resolution is assumed to be the same for prompt and non-prompt elec-
trons, this is implemented using the same ¢ parameters in both PDFs.

e3e13. Run-1 assumptions and almost all the measurements found in literature are
based on J /¢ — upu events [182] [183], obtained with a different kinematic selection
that might not suppress as much as in our case (due to the tight identification and
electron isolation requirement) the non-prompt component in which the electrons
are produced together with nearby hadrons.

The fit has been validated performing a closure test on simulation. Prompt and
non-prompt MC samples were merged using a specific fraction defined a priori and
then the resulting dataset was used as input for the pseudo proper time fit. The
results of the closure test for injected fractions equal to 0.4 and 0.85 are shown in
Figure 6.12 (a) and (b). Good agreement between the fitted values and the injected
ones is observed. As said before, the parametrization of the mean for prompt and
non-prompt resolution Gaussians has been optimised using this closure test on MC.
The default settings for the resolution Gaussians have been chosen as the combina-
tion of prompt mean fixed to zero and non-prompt mean free because this ensures
good fit stability in the largest range of fractions (0.30-0.85). For lower fractions (be-
low 0.3) the option "both fixed" gives better results, while for higher fractions (above
0.8) the best estimation comes from the "both free" option. The closure test has been
also used to adjust the fit range.
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FIGURE 6.12 — Closure test for the pseudo proper time fit. The default fit settings have
been used. (a) injected prompt fraction 0.4, (b) injected prompt fraction 0.85.



6.8. Low-momentum electron energy calibration 123

6.8.3 Kinematic distributions

The prompt/non-prompt merging procedure is validated comparing the kine-
matic distributions in data and in simulation. Some examples are reported in Figure
6.13. As shown in Figure 6.13 (a)-(b), the pseudorapidity distributions of leading and
subleading electrons show good agreement in the barrel region, but the agreement
degrades in the end-caps where non closures up to ~ 20% are observed, probably
due to mis-modellings in simulation. An 7; X 7, reweighting has been applied to
simulation to recover a good data/MC agreement in the full pseudorapidity range.
This extra MC weight has been evaluated as the data/MC ratio of the 2-D (11, 772)
distribution. The weights have been obtained separately for each region of Table 6.2
dividing the 2015+2016 data for the corresponding MC distribution previously nor-
malized as described in Section 6.8.1. As presented in Figure 6.14, the extra weights
are generally close to 1 with peaks for the bins with low statistics. In case of bins with
zero MC entries a weight equal to 1 is assigned by default. The # distributions after
the reweighting are shown in Figure 6.13 (c)-(d). The Et distributions, presented in
Figure 6.13 (e)-(f), being already well described are not signficantly improved by this
correction. More kinematic distributions are available in Appendix A.

6.8.4 Energy scale measurement

The energy scale corrections &; are extracted through a simultaneous maximum
likelihood fit to the dielectron invariant mass distributions of all the pseudorapid-
ity categories, implemented using the RooFit package [184]. The measurement is
performed in two steps: first with a fit to simulated J /¢ — ee events to obtain the
mMC distribution in Equation 6.5, and then with a simultaneous fit on data of all the
categories.

Signal and background modeling

The PDF used for the fit in each category is a signal + background PDF evaluated
in multiple steps. The J/¢ signal peak is modelled using a Double Sided Crystal
Ball (DSCB) PDF, defined as a Gaussian core with power low tails on both sides,
parameterized as:

Aq - (B] — ﬂ)fnl, for % < —ﬁl

f(x; B, B2, ni, o, %,0) = § G272 ) for By < =X < B, (6.23)
Az (By—*3%)7", for #75 > P

The right n parameter is fixed to 77 = 10 and the other tail is left free to fluctuate in
the range 1, € [0.5,15]. Both the other two tail parameters 81 and p; are free to vary
in the range [0,10]. The mean can vary in the range 2.9 — 3.2 GeV, while ¢ is con-
strained between 0.0 and 0.5 GeV. The background includes two contributions: the
small peak coming from the (2s) resonance, expected at 3.686 GeV, and the con-
tinuous irreducible background coming from Drell-Yan processes or misidentified
electrons.

The shape of the 1(2s) peak is evaluated rescaling the parameters * of the ] /¢ DSCB
of a factor mglzjsc / mﬁ}f’c = 3.686/3.096 [20], while the continuous background is

modelled by a second-order Chebychev polynomial. The final PDF is thus the sum

4. The rescaled parameters are: mean (floating), & (then kept fixed) and the two B (81 and B, fixed
parameters). The DSCB tail parameters 17 and n; are fixed to the J /1 estimation with no rescaling.
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FIGURE 6.13 — (a)-(b) show the leading and subleading # distributions before the 2D
reweighting, while (c)-(d) show the corresponding pseudorapidity distributions after
the 2D reweighting. In addition, (e)-(f) are the leading and subleading electron Et dis-
tributions after the # reweighting. Further distributions are shown in Appendix A.
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FIGURE 6.14 — Extra MC weights applied to correct for the data/MC disagreement in
the electron pseudorapidity distribution. The weights are evaluated as the data/MC
ratio of the 2D # distribution of leading and subleading electrons. Zoom along the z-
axis in the range of weights [0-2].

of three contributions:
f(mg®) = DSCB(]/¢) + DSCB(y(2s)) + ChebPol(2), (6.24)

two double sided Crystal Ball PDFs describing the /¢ and 1(2s) candidates and the
Chebychev polynomial [185] for the continuous background. When performing the
final fit, many of the shape parameters are fixed to the MC shape (see next paragraph
for more details), while the means of ]/ and ¢(2s) DSCBs, expressed as a function
of a; and «;, are floating. In total there are 7 free parameters for each ;, 17; category:

- 3yields (J/9, ¥(2s) and background).

- 2 a;, because the mean value of the J/¢ peak is parameterized as described
in Equation 6.6, and the scale correction parameters of the 1(2s) distribution
are required to be the same as those of the [ /.

- 2 parameters to model the background shape.

Energy scale measurement

The procedure to measure the energy scales can be summarized in the following
steps:

- The samples is divided into ij categories depending on the pseudorapidity of
the two electrons (no distinction between leading and subleading has been
done, so category ij = ji).

- For each category a binned fit to the dielectron mass distribution in the signal
MC is performed using the DSCB PDF described in the previous section. This
step is necessary to fix the /¢ peak shape. Some examples of these fits are
shown in Figure 6.15 (a)-(b).

- Once the /i MC signal shapes are defined for all the ij categories, the |/
and (2s) shapes for the fit on data are defined by fixing the tails and the
o to the MC ones. The only parameter left free to vary is the mean, which is
expressed as a function of a; and &; as in Equation 6.6. A quadratic Chebychev
polynomial is finally added independently for each category, to complete the
PDF for the simultaneous fit on data.
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- The parameters of the continuous background polynomials are initialized
with the results of a first fit performed independently for each category. This
helps the final simultaneous fit to converge faster.

- Finally all the categories are fitted simultaneously. In order to speed up the
computation, and to obtain results with small statistical uncertainties, only
categories with at least 600 events are considered for the simultaneous fit. The
result of the simultaneous fit for some categories, both for diagonal (i = j) and
non-diagonal (i # j) bins, are shown in Figure 6.15(c)-(d).
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FIGURE 6.15 — Some examples of fit to the dielectron invariant mass distribution in the
simulation (a) in the barrel and (b) in the end-caps. (c) and (d) are the related results of
the simultaneous fit on data for the same (a) and (b) # categories respectively. The blue
line represents the total fitted PDF while the red line corresponds to the [/ contribu-
tion, the green line to the §(2s) contribution, and the yellow line to the the continuous
background. The (a)-(c) plots refer to an off-diagonal bin with «; # a;, while (b) and
(d) refer to a diagonal bin in which «; = a;, thus only a single « is indicated. More
distributions are in Appendix A.

6.8.5 Systematic uncertainties

To assess the systematic uncertainties on the measured energy scale corrections,
the fit has been repeated several times after varying different inputs or settings of
the fit. The envelope of the resulting energy scale corrections has been used: taking
the difference between the nominal «; and the maximum (or minimum) variation on
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a; as systematic uncertainty °.
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FIGURE 6.16 — Examples of scale variations for two different # bins. The difference
between the nominal value and the maximum and minimum variation is taken as sys-
tematic uncertainty on the energy scale corrections «;. The green band represents the
statistical uncertainties from the simultaneous fit, which are assumed to be correlated
across the measurements. The yellow band represents the asymmetric systematic un-
certainty, the black line highlights the nominal « value, while the red line refers to the
arithmetic mean of all the «.

Some examples of energy scales measured for each variation are shown in Fig-
ure 6.16. The variations giving x? probabilities above 5% are the following:

- The shape of the signal PDF has been varied from a DSCB function to the sum
of a single Crystal Ball function and a Gaussian function ("SingleCBGauss").
Other signal models have been tried, such as the single CB or the double
Gaussian, but they all gave x? probability below 5% so they were not included
in the variations.

- The n parameters of the tails of the DSCB function have been varied from
one fixed and one free to both free ("DSCB_N1Free_N2Free") or both fixed
("DSCB_N1Fix_N2Fix").

- The second order polynomial used to model the continuous background has
been replaced by an exponential function ("ExpoBkg").

- The threshold on the minimum number of events per category has been var-
ied between 550 and 650 ("Threshold550" and "Threshold650").

- The nominal range boundaries of the pseudo-proper time fit have been varied
by £0.1. The results of the fit have been used to merge again the prompt/non-
prompt components. ("Taulnterval_-1.2_2.8" and "Taulnterval_-1.0_3.0").

- The mean of the Gaussians used for the pseudo proper time fit, usually kept
tixed for the prompt and free for the non-prompt PDF, have been varied con-
sidering all possible cases
("Tau_PromptFree_NonPromptFix","PromFix_NPromFree", ..).

- The MC template method to perform the pseudo proper-time fit described in
Section 6.8.2 has also been considered ("Tau_MCTemplate").

- The mass window for the fit has been enlarged to [2.0,4.2] GeV ("MassInter-
val_2.0_4.2").

5. Note that the variations are not fully decorrelated.
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- The scales with a 1D 7 reweighting and no 1 reweighting have been consid-
ered in the variations ("1DEtaRwt" and "NoEtaRwt"), together with a varia-
tion of the number of pseudorapidity bins for the 2D-y reweighting ("2DE-
taRwt_HalfB").

6.8.6 Results

The resulting energy scales are shown in Figure 6.17(a). The plot shows both the
contributions of systematic and statistical uncertainties. The scales are found to be
close to zero in the central barrel, positive in the outer barrel region (~ +1%) and
negative in the end-caps (~ —0.5%). No measurement has been performed in the so-
called crack transition region 1.37 < || < 1.52, which is not used in offline analyses.
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FIGURE 6.17 — (a) Energy scale corrections extracted from J/¢ events. Statistical and
systematic uncertainties are shown separately. (b) Comparison between the energy scale
corrections from | /1 — ee events and the systematic uncertainty extrapolated from the
Z — ee calibration. The error bars on the data points represent the total uncertainty
specific to the J /1 — ee analysis.
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FIGURE 6.18 — Energy scales from J/¢ — ee with a different # binning, to investigate
the behaviour in the end-caps (black dots) compared with the extrapolated uncertain-
ties from Z — ee events (violet band). The error bars on the J/¢ scales contain both
statistical and systematic uncertainties [173].
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Figure 6.17(b) shows the comparison between the energy scale corrections ex-
tracted from [/¢p — ee and the systematic uncertainties extrapolated from the full
model (with Z — ee corrections) for an #-pr spectrum expected from /¢ decays,
as described in Equation 6.13. The energy scales at low transverse momentum are
compatible with the systematic uncertainties computed from Z — ee. In order to
further investigate the behavior in the end-caps, where there is more material up-
stream the calorimeter, the binning was changed as shown in Figure 6.18 adding
the [+1.52, +1.80] bin and merging the [0.8-1.1] and [1.1,1.37] regions to increase the
stability of the fit.

The difference with respect to the full model in this region increases up to —1.8%,
but as for the other bins, the miscalibration remains within the extrapolated system-
atic uncertainty from the full model using the Z — ee in-situ corrections. In general,
the J/¢ energy scales are symmetric in #. The largest asymmetry, at the level of
~ 1.50, is found in the 1.1-1.37 || bin. This asymmetry can be due to small mis-
calibrations of the gap scintillators (used in 1.0 < |y| < 1.6), which can induce
some energy non linearity (i. e. differences between electrons from [/ and Z bo-
son decays). Further studies, like the pile-up dependence of the energy scales and a
comparison with Run-1 results, are presented in Appendix A. To summarize, no sig-
nificant dependence of the J/1 — ee energy scales has been observed as a function
of pile-up and the pseudo-rapidity dependence has been found in good agreement
with the Run-1 measurement, with an overall negative shift of the | /¢ — ee energy
scale corrections by approximately ~ —0.3%. A possible explanation of this small
discrepancy is discussed in the dedicated Section in Appendix A.

Two closure tests have been performed to validate the procedure, both with pos-
itive results as shown in Figure 6.19. The first one consists in the re-evaluation of the
energy scale corrections after having further corrected the data with the extracted
ones, while in the second test the data have been substituted with MC samples as in-
puts for the second step of the mass fit procedure. For this second method, the back-
ground component in each category has been generated using Monte Carlo toys. A
successful closure (better than one per-mil) is observed.
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FIGURE 6.19 - (a) data-based closure test, performed re-running the fit after applying
the residual (from Figure 6.17) scales to data. (b) MC-based closure test, performed
substituting the data with MC samples in the second step of the invariant mass fit.
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Transverse energy dependence

The dependence of the energy scales on the electron transverse energy has been
studied splitting the sample in Et bins integrated in 77 and applying the same proce-
dure described in Section 6.8.4. The results of this study are presented in Figure 6.20.
The errors include both statistical and systematic uncertainties. The systematic un-
certainties have been evaluated using the same variations of Section 6.8.5, excluding
the signal variations "SingleCBGauss" and "CB" because they are not giving accept-
able x?s. The J/1 — ee scale corrections remain within 0.5% in the whole investi-
gated Et range. A direct comparison shows that these miscalibrations are generally
compatible with the systematic uncertainties extrapolated from the full model (with
Z — ee corrections) for an #-pr spectrum expected from |/ decays (blue bands in
Figure 6.20). The discrepancy in the last bin can be due to the combination of dif-
ferent aspects. For example, it can be due to a statistical fluctuation (included in the
error bar). Also, the contributions from Drell-Yan/Z—> ee starts to have a non negli-
gible impact. These contributions have not been taken into account with dedicated
simulations, but their effect on the data/MC agreement (generating a disagreement
for pr > 30 GeV) was controlled with a dedicated upper bound on the electron pr,
as mentioned in Section 6.8.2.
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FIGURE 6.20 — Energy scales as a function of the electron transverse energy extracted
from [/ events (black dots) compared to the systematic uncertainties extrapolated
from the Z — ee calibration. The error bars on the data points represent the total un-
certainty specific to the J /¢ — ee analysis and include both statistical and systematic
errors.

6.8.7 Resolution corrections

The resolution corrections for J /¢ — ee electrons can be parameterized in terms
of an extra sampling term Aa/+/E, as described by equation 6.18. The procedure
to extract Aa is similar to the one used to measure ¢ with Z — ee events, and it is
basically an extension of the invariant mass fit described in the previous paragraphs.

Methodology

The PDF used for the fit on data is still a signal + background type PDF taking
into account [/ and 1(2s) resonances and the continuous background. The J/y
signal is modelled by a Breit-Wigner analytically convoluted with the sum of two
Gaussian functions. The width of the Breit-Wigner has been fixed to the PDG value
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(92.9 keV). The two Gaussians have the same mean parameter, but different os; de-
pending on the fit configuration (two-steps or one-step, as described later) they can
be fixed to the MC value or left free to vary. The 1(2s) signal PDF remains a Double
Sided Crystal Ball with all the parameters taken from a fit to simulated ]/ events
scaled by 3.686/3.096 and fixed, since it does not provide, with the current statistics,
sensitivity to the electron energy resolution. Also the background PDF is unchanged
and it is modelled by a second order Chebychev polynomial. The total PDF used for
the fit on data is the sum of these three contributions:

f(mRa@) = BW ® 2Gauss(J /) + DSCB(1p(2s)) 4 ChebPol(2) (6.25)

reco

In order to simplify the fit implementation, the energy dependence of the sam-
pling term is neglected, and the average energy of the electrons in a certain 7 bin
is used instead of each electron energy in the a/+/E term. Figure 6.21 shows the
distribution of (E); along 7. The main advantage of this averaging is that now the
fit is based on simple constant terms, as it is done for the Z — ee, so the same
parametrization as Z — ee can be used.
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FIGURE 6.21 — Average energy distribution per pseudorapidity interval.

Assuming the electron direction resolution from the inner detector small enough
to contribute negligibly to the invariant mass resolution ¢y, the relation between ¢,
and the electron energy resolution can be derived from Equation 6.5:

Om 1o 0;
<m> reco - E [<El) reco @ <E]) reco] (626)

Introducing in this equation the relation between the resolution in data and MC
) . 2 .
(Equation 6.18), and replacing E with W the result is:

Data MC Aa; e A<”f>

o) _ (ow €V

()" () T o
reco

reco

The relations between the position of the peak of the ]/ Breit-Wigner in data and
MC, and between the widths of the Gaussian resolution functions in data and MC,
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are thus:
o+ o
mData — 3 MC (1 + %), (6.28)
2
o + o (mMC)2 [ Aa? Aa].
ata — 1 7) 2 £ L 7 2
Tupes = (14— T g\ B T 1B (6.29)

where the label "reco" is dropped for simplicity. To obtain the Aa; terms, the fol-
lowing "Two-Step" procedure is performed. The first step consists in extracting the
wj:

" Fit to the J /¢ MC invariant mass distributions with the J /¢ signal PDF (Breit-
Wigner convoluted with two Gaussians) to extract the mM¢ and oc param-
eters.

- Fit to the data with the total PDF of equation 6.25 fixing the Aa; terms to zero,
in order to extract the scales a;.
The second step consists in extracting the esolution corrections:
- Apply the extracted «; scales to data.
- Do again the fit to MC and the fit to Data described above, but fixing the scales
«; to zero, and floating Aa;, in order to extract the resolution corrections.
In order to simplify the procedure, the a; and the Aa; can be determined at the same
time in one single fit ("One-Step" method). To make the fit converge in a reasonable
time the binning is decreased to 10 bins:

[+0, £0.4, £0.8, £1.37, £1.52, +2.40] (6.30)

Examples of fits on MC (step 1) and on data (step 2) using the Two-Step method can
be found in Figure 6.22 and in Appendix A.
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FIGURE 6.22 — Some examples of fit to the dielectron invariant mass distribution both
in simulation (a) and data (b) for the "Two-step” method. Here all the parameters of
the 1(2s) peak have been scaled and fixed to MC, using a second fit with a DSCB as
PDEF. This simplification reduces the accuracy of the final PDF with respect to the one
in equation 6.24 (see Figure 6.15), but due to the small yield of this signal, this effect is
negligible. More post-fit distributions are shown in Appendix A.
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Results

The results of the Two-Step fit applied to 2015+2016 data are shown in Figure
6.23. The extracted energy scales, are compatible with the measure presented in Sec-
tion 6.8.6 (Figure 6.18). Note the change of binning between the plot of Figure 6.23
and 6.18. The extra sampling terms are consistent with zero, with uncertainties vary-
ing between 2% and 4% depending on the # bin. An important remark is that due
to the quadratic dependence of ,p.a On Aa, presented in equation 6.29, this study
is sensitive only to positive values of the resolution term. Thus, a value of Aa com-
patible with zero means that the MC resolution is equal or larger than the resolution
in data. In this second case a direct measurement of this difference is not accessi-
ble with this method. This study is however sensitive to possible underestimations
of the resolution smearing applied to MC when going to low energies, that would

translate in positive values of Aa, which are directly measurable.
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FIGURE 6.23 — Results of the Two-Step method applied to |/ events: (a) Energy scale
corrections and (b) sampling term Aa. In both cases the uncertainties are only statistical.
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FIGURE 6.24 — Results of the One-Step method applied to | /¢ events: (a) Energy scale
corrections and (b) sampling term Aa as a function of 7. In both cases the uncertainties
are only statistical.

Figure 6.24 shows energy scales and resolution corrections extracted simultane-
ously with a single fit ("One-Step"). Good agreement has been observed within the

two methods, both for scales and resolution corrections.
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Up to now the noise term and the constant term were considered as perfectly
modelled by the MC simulation, but in practice, the measured value of b has an
uncertainty estimated to be 100MeV/Et (200MeV/Er for n between 1.4 and 1.8).
This uncertainty translates directly into an uncertainty on the measured sampling
term of around 3% in the barrel and 4% in the end-caps ®. The uncertainty raises up
to 8% in the region 1.4 < || < 1.8. These extra uncertainties should be summed in
quadrature with the errors computed from the |/ — ee resolution to get the total
uncertainty.

Translating the uncertainties on Aa (Figure 6.23) in terms of relative change on
the sampling term a, would allow to roughly compare the precision of this mea-
surement with respect to the official uncertainty on the sampling term. A 2% (4%
in the end-caps) deviation in Az would translate in a 2% (8%) relative change on
the sampling term’. Adding the noise term uncertainties, the total uncertainty on
the sampling term rises to 4% (5.5%) in the barrel (end-caps), which translates in an
8% (14%) possible relative change on a. So, with the current statistics, the precision
of the measurement is roughly compatible with the default uncertainty used for the
sampling term (40.01). In conclusion, this method probed with direct measurements
the central value of the sampling term, which has been determined from test beams
before the commissioning of the detector years ago [112]. No significant difference
from the official values has been observed, so the sampling term parameters can be
conservatively kept to 0.1 & 0.01.

Closure Test

The method used to determine the electron energy scale and resolution correc-
tions has been validated with a closure test using pseudo-data. The MC samples
have been normalized and merged as described in Section 6.8.1 and used to build
signal templates for the "Two-Step" fit. The 1(2s) contribution has been ignored,
while the continuous background has been generated specifically for each category
using the background PDFs resulting from a previous fit on data. The number of
background events generated for this test was equal to the background yields found
by the fit. These events have been added to the MC signal to create the final pseudo-
data categories. The resulting scales and resolution corrections are shown in Figure
6.25. Good closure for both the energy scales and the resolutions is observed. For
the outer barrel and the end-caps bins the fit is less accurate, even if the agreement
with the injected values remain generally within the errors.

6.9 Summary

This chapter summarized the procedure to extract the electron and photon en-
ergy calibration in ATLAS using 2015 and 2016 data of LHC proton-proton collisions
at /s = 13 TeV. The core of the calibration is the MC-based regression BDT, which
corrects the raw energy reconstructed from the clusters to be as close as possible to
the true energy of the particle.

The imperfections of the calorimeter are corrected in data with specific # depen-
dent corrections. The intercalibration of the different layers of the ECAL has been

6. This is evaluated assuming the uncertainty on a as coming entirely from the b term. 84 = 4b

VE = B
so dAa = %\/ﬁ. This leads, for Ey ~ 12 (14) GeV and E ~ 12 (28) GeV in the barrel (end-caps),
to an uncertainty of 2.9% (3.8%).

7. This assuming a = 0.1(+0.01). In fact the relative change is calculated as: A = 7”1%2“’2 -1=
1.9% in the barrel and 7.7% in the end-caps.
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FIGURE 6.25 — Closure test on MC, performed normalizing the samples to the number
of events in data. The red line shows the injected values, while the black dots are the
extracted mesurements. The threshold on the minimum number of events per category
has been fixed to 700.

achieved using muons (1 /2) and electrons and photon showers (¢ ps). The measured
a1/ have an accuracy of ~ 0.7% to 2.5% depending on the # region, while the accu-
racy on the presampler scales varies between 1.5% and 3%.

The overall energy scale and resolution are measured after having applied all the
previous corrections, with an in-situ data-driven method exploiting Z — ee events.
The accuracy of the energy scale measurement varies between 0.03% and 0.2%, while
the extra constant term in the energy resolution is less than 1% in the barrel and typ-
ically 1-2% in the end-caps.

Accuracy and linearity of this calibration are probed with low-energy electrons from
J/¢ — ee events and with photons from radiative Z boson decays. In both cases,
the calibration differences remain within the uncertainties. The measurement of the
energy scale corrections for low energy electrons using J/¢ — ee decays has been
explained in more details in the last part of the Chapter. The measured dependence
of the energy scale corrections as a function of # was found compatible with zero,
with the highest disagreement (~ +1.3%) in the outer barrel ( in [0.8, 1.10]) and
in the end-caps (~ —0.4%). The extracted energy scale corrections are compatible
with the systematic uncertainties. The measured sampling term corrections (Aa) are
found to be compatible with zero in the whole 7 region, with uncertainties varying
between 2% and 4%, confirming that no significant degradation (for example due
to ageing), of the default value of the sampling term occurred in these years of data
taking.






137

7 | Observation of the Higgs
boson decay to bb quarks

As described in Chapter 2, the mechanism of quark mass generation is one of the
fundamental open questions in particle physics. The Run-1 of LHC allowed for the
discovery of the Higgs boson in the so-called "golden" channels, providing a first
direct proof of the Brout-Englert-Higgs theory. However, still much to explore is left
in the quark sector, where no significant measurement has been performed in Run-1.

In the SM Yukawa mechanism, the coupling strength of the Higgs boson to
quarks is predicted to be proportional to the quark mass, thus the highest couplings
are expected to be with the third quark generation, b and t. The top quark is too
heavy to allow for a decay of the Higgs boson into a pair of top quarks, and there-
fore its coupling strength can be probed only via the production modes, such as ttH
or tH, and indirectly via ggH.

On the contrary, the H — bb decay is allowed in the Standard Model, with the
highest BR predicted among the Higgs boson decay channels, representing more
than a half of the total Higgs boson width (BR ~ 58%). This decay channel is the
most direct way to probe the coupling of the Higgs boson with down-type quarks.
In addition, having a direct measurement of this decay rate would strongly constrain
the possibility of new physics phenomena in the Higgs sector.

The main Higgs production mode at the LHC is gluon-gluon fusion. The sig-
nature of gluon fusion events in which a Higgs boson decays to bb is given by two
b-jets plus potentially extra jets from initial or final state radiation. However, the
cross section of inclusive bb production from QCD is approximately 107 times larger
than the expected gluon-gluon fusion Higgs production cross section, making the
signal completely overwhelmed by the QCD background.

A possible solution to this problem consists in focusing on alternative production
modes. These production modes suffer from lower cross sections, but in return they
ensure higher signal to background ratios due to clearer signatures in the detector,
based on the presence of additional particles in the final state. Both the vector boson
fusion (VBF) and the associated production with a vector boson (VH) channels have
been studied at LHC. The VBF mode still leads to a fully hadronic final state, there-
fore trigger and background modelling remain challenging !. On the contrary, in the
VH production mode, with the vector boson decaying leptonically, the additional
leptonic signature can be exploited for triggering and to highly suppress the QCD
background. Since the Tevatron searches [186], this has been the most sensitive and
thus preferred channel for H — bb searches in hadron colliders.

The VH, H — bb signature is categorized by the decays of the vector bosons (Z
or W) into: ZH — vvbb, WH — fvbb and ZH — (/bb. Depending on the number

1. Except for VBF+7 which however suffers from very low statistics.
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of leptons in the final state, the events are referred to as 0-, 1- and 2-lepton channels
in the following. The tree-level Feynman diagrams of the three different production
channels are shown in Figure 7.1.

=N
=N

FIGURE 7.1 — Examples of Feynman diagrams of the VH — bb leptonic decay channels.

Whilst the QCD background is greatly reduced thanks to the additional leptonic
signature, several SM backgrounds still remain. In large part, these backgrounds
are common to all channels but contribute in different proportions across them. The
main backgrounds are tf, V+jets and single top-quark production. The V+jets can be
Z+jets or W+jets, sometimes the V+bx (x = b,c or 1) contribution is separated from
the other contributions and referred to as V+HF (Heavy Flavour). Some Feynman
diagrams of the main background processes are shown in Figure 7.2.

The first evidence of the for H — bb decay has been provided in 2012 at the Teva-
tron, by the combination of 10 fb~! of CDF and DO pp data, with a global signifi-
cance of 3.1 (2.60 expected for my = 125 GeV) [54]. In 2014, the ATLAS and CMS
Run-1 combination yielded an observed signal significance of 2.6¢ (3.7¢ expected)
[9]. In Run-2, both ATLAS and CMS claimed evidence for the VH, H — bb process,
with observed (expected) significances of 3.5¢" (3.0c) for ATLAS [187] and 3.8¢ (3.80)
for CMS [188]. This Chapter is an overview of the Run-2 analysis with 80 fb~! of
v/s = 13 TeV ATLAS data. The nominal analysis is based on multivariate (MVA)
techniques used to enhance the overall discriminating power of the analysis. The
final result is extracted in terms of inclusive signal strength, with a binned simul-
taneous likelihood fit to the final MVA discriminant, combining different channels
and analysis regions. Two independent cross-checks are also presented: the di-jet
mass analysis and the diboson analysis, both used to check the robustness of the main
VH,H — bb strategy. Both analyses keep the same structure as the nominal one. In
the di-jet mass analysis the fit to the MVA discriminant distribution is replaced by a
fit to the invariant mass of the di-jet system, which allows for an independent check
of the likelihood fit structure. The diboson analysis aims at checking the robustness
of the MVA approach, so VZ,Z — bb events are used to retrain the MVA classifier
and perform a measurement of the SM VZ signal strength, which is a well known
SM process. The observations of the VH production and H — bb decay processes
have been obtained via the combination with other production or decay modes, as
presented in the last part of the Chapter.

7.1 Data and simulated samples

The data used in this analysis were collected by the ATLAS detector during the
2015, 2016 and 2017 proton-proton runs of the LHC, and correspond to 79.8 fb~! at
/s =13 TeV. Data are required to pass good quality requirements, ensuring that all
components of the detector are operating as expected.
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FIGURE 7.2 — Lowest order Feynman diagrams for (a) tf, (b) single-top in the t, s and
Wt channels respectively and (c) the quark induced and gluon induced Z+jet and W+jet
backgrounds.
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Most of the signal and background processes are simulated using Monte Carlo
(MC) generators, except for the multi-jet background in the 1-lepton channel, which
is estimated using a data-driven technique, as described in Section 7.1.3. Both signal
and background simulated processes are passed through the ATLAS detector sim-
ulation program [72], based on a detailed simulation of the ATLAS detector with
Geant4 [189], and reconstructed with the ATLAS reconstruction software. Table 7.1
lists the matrix element generators, parton showers, Parton Distribution Function
(PDF) and corresponding cross-sections for each process. An overview of the prin-
ciples behind these generators and a brief description of their differences are pre-
sented in Section 2.7. All samples are normalised to the best theoretical prediction
of the cross section for the different processes. The signal cross sections are obtained
from the LHC Higgs Cross Section Working Group prescriptions for a Higgs boson
mass of my = 125 GeV [48]. The top related cross sections are computed assuming
a top quark mass of 172.5 GeV [20]. The simulated samples, except those generated
with SHERPA, exploit the EVTGEN 1.2.0 program [190] to describe properties of the
bottom and charm hadron decays. More details about the signal and background
processes are given in the next two Sections.

As discussed in Chapter 4, a series of corrections are applied to data and simula-
tion during the event reconstruction process. First, the events undergo the overlap
removal procedure described in Section 4.5. In addition, the pileup profile of the
Monte Carlo is re-weighted to match the measured profile of (y) in data. The single
objects are corrected as described in Chapter 4. Therefore electrons, muons, EITniss
soft terms calibrations or Jet Energy Scale (JES) and Jet Mass Resolution (JMR) cor-
rections or additional reweightings such as trigger or flavour tagging scale factors
are applied to the objects involved in the event.

Process ‘ Matrix Element ‘ PDF Set ‘ Parton Shower ‘ o order ‘ o x Br [pb]
q9 — ZH — vvbb | PowHeg-Box v2 + GoSam + MinLo | NNPDF3.0NLO | Pythia-8.212 NNLO(QCD)+ NLO(EW) | 8.91 x 102
q9 — WH — (vbb | PowHeg-Box v2 + GoSam + MinLo | NNPDF3.0NLO | Pythia-8.212 NNLO(QCD)+ NLO(EW) | 2.69 x 1071
qq — ZH — £lbb | PowHeg-Box v2 + GoSam + MinLo | NNPDF3.0NLO | Pythia-8.212 NNLO (QCD)+NLO(EW) | 2.99 x 1072
98 — ZH — vvbb | PowHeg-Box v2 NNPDF3.0NLO | Pythia-8.212 NLO+NLL 1.43 x 1072
98 — ZH — (tbb | PowHeg-Box v2 NNPDF3.0NLO | Pythia-8.212 NLO+NLL 4.80 x 1073
Z — vv + jets Sherpa 2.2.1 NNPDF3.0NNLO | Sherpa 2.2.1 NNLO 10700

W — Lv + jets Sherpa 2.2.1 NNPDF3.0NNLO | Sherpa 2.2.1 NNLO 60200

Z — UL+ jets Sherpa 2.2.1 NNPDF3.0NNLO | Sherpa 2.2.1 NNLO 6300

tt Powheg-Box v2 NNPDF3.0NLO | Pythia-8.230 NNLO+NNLL 832
single-top (s) Powheg-Box v2 NNPDF3.0NLO | Pythia-8.230 NLO 3.35
single-top (t) Powheg-Box v2 NNPDF3.0NLO Pythia-8.230 NLO 70.4
single-top (Wt) Powheg-Box v2 NNPDF3.0NLO | Pythia-8.230 Approx. NNLO 71.7

q9 — WW Sherpa 2.2.1 NNPDF3.0NNLO | Sherpa 2.2.1 NLO 45.7

qq9 — WZ Sherpa 2.2.1 NNPDF3.0NNLO | Sherpa 2.2.1 NLO 21.7

qq9 — ZZ Sherpa 2.2.1 NNPDF3.0NNLO | Sherpa 2.2.1 NLO 6.53

8g—~ Vv Sherpa 2.2.2 NNPDF3.0NNLO | Sherpa 2.2.2 NLO 3.09

TABLE 7.1 — The nominal Monte Carlo samples used in VH, H — bb analysis, and the

corresponding process cross-sections at /s = 13 TeV.

7.1.1 Signal processes

All gg-initiated production processes are simulated using the POWHEG generator
with the MiNLO (Multiscale Improved NLO) procedure applied [82], interfaced to
the PYTHIA 8.212 [78] MC generator for the modelling of parton shower (PS), un-
derlying event (UE) and multiple parton interactions (MPI), applying the AZNLO
tune [191] with the NNPDF3.0NLO PDF [192] for the matrix-element (ME). The gg-
initiated ZH contribution relies on the POWHEG prediction interfaced with PYTHIA
8. The cross sections for WH and ZH are calculated at NNLO in QCD [193] and
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NLO in EW [194]. The computation of the one-loop amplitudes is performed with
the GoSam automated software [195]. The signal modelling has been cross-checked
using POWHEG + MiNLO+ HERWIG 7 samples, generated using the same setup of
POWHEG as for the nominal POWHEG + PYTHIA 8 sample, while parton shower (PS),
hadronisation, underlying event and multiple parton interactions are simulated with
HERWIG 7.0 [138]. Additional electroweak corrections at NLO are applied to the
qq9 — V H processes as a function of the transverse momentum of the vector boson.
These corrections are applied as reweightings of the VH differential cross-section
and they are computed with Hawk [196] [197].

7.1.2 Background processes

The main background processes are simulated using the following MC genera-
tors:

V+jets: the production of V (V =W or Z) bosons in association with jets is one of
the main backgrounds for all the channels considered in this analysis. The V+jet pro-
cesses are simulated with SHERPA 2.2.1 [80] with the NNPDF3.0NNLO PDF set [192]
for both the matrix element calculation and the parton shower tuning. In order to
generate enough statistics in the high p¥ region, the V+jets samples are split accord-
ing to the pr of the vector boson and the transverse energy of the event, introducing
a cut at generation level, and producing samples for different slices in max(Hr, p¥),
where Hr is the scalar pr sum of all parton-level jets with pr > 20 GeV. Furthermore,
to ensure sufficient statistics for events having heavy-flavours in the final state, the
V+jets samples are generated applying different filters to select the flavour compo-
sition of the jets produced in association with the V boson: b-filter samples have at
least 1 b-hadron present, c-filter + b-veto samples have at least 1 c-hadron present and
a veto on the events passing the b-filter, while c-veto + b-veto are vetoing the events
which pass the b-filter and c-filter. Alternative samples are considered for the V+jets
modelling studies, generated using MADGRAPH 5 [83] interfaced to PYTHIA 8 for
the modelling of the parton shower and the underlying event.

Top-pair production: the default MC sample for the tf process is generated with
the POWHEG generator using an NLO calculation for the matrix element [198] [199]
and interfaced to PYTHIA 8.230 [200] with NNPDF3.0NLO PDFs and the A14 set [79]
of parameters for the parton shower, hadronization and underlying event descrip-
tion. A filtering at generator level is applied using truth information. Samples de-
fined as non-all-had are required to have at least one W boson decaying leptonically,
while the dilepton tt samples are required to have both W bosons decaying lepton-
ically. Several alternative tf samples have been produced for modelling studies: a
POWHEG + HERWIG 7 sample generated using the same setup for POWHEG as for the
nominal sample, while parton shower, hadronisation and underlying event are sim-
ulated with HERWIG 7.0 [138] with the H7UE tune [81]; a MADGRAPH 5_aMC@NLO
+ PYTHIA 8.2 sample produced using MADGRAPH 5_aMC@NLO [83] for the hard
scattering generation at NLO precision and PYTHIA 8.2 for the PS, hadronisation
and UE simulation. Also, alternative POWHEG + PYTHIA 8 samples with differ-
ent tunings of the initial and final state radiations have been used. The cross sec-
tions are calculated with top++2.0 [201] at next-to-next-to-leading order (NNLO)
in QCD, including resummation of next-to-next-to-leading logarithmic (NNLL) soft
gluon terms.
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Single-top: single-top processes are generated separately for the different chan-
nels (s-channel, t-channel, Wt-channel) using the POWHEG MC generator for the
hard scattering prediction with NNPDF3.0NLO PDFs, interfaced with PYTHIA 8.230
for the simulation of parton shower, underlying event and multiple parton interac-
tions with A14. The cross sections are calculated (for a top quark mass of 172.5 GeV)
at next-to-leading order (NLO) in QCD with Hathor v2.1 [202] [203].

Diboson: the diboson background consists of final states arising from WW, WZ,
and ZZ events. The nominal simulation of these processes relies on the SHERPA 2.2.1
MC generator, with the NNPDF3.0NNLO PDF sets for both the ME calculation and
the parton shower. The gg-initiated and the gg-initiated processes are simulated sep-
arately. The generator used for the nominal samples provides the NLO calculation
for the diboson cross-sections. The alternative samples for this process include a
POWHEG + PYTHIAS sample, which uses the POWHEG v2 generator interfaced to
the PYTHIA 8 parton shower model and a POWHEG + HERWIG ++ sample generated
using the same setup for POWHEG as for the POWHEG + PYTHIA 8 sample, while
parton shower, hadronisation, underlying event and multiple parton interactions
are simulated with HERWIG ++ (version 2.7.1) with the UE-EE-5 [204] tune.

7.1.3 Multi-jet estimation

Studies have shown that the multi-jet (M]) contamination is negligible in the
0- and 2-lepton channels if adding a series of angular cuts as described in Ref.

[187]. However, in the 1-lepton channel the contribution is expected to be of the
order of few per cent and therefore not completely negligible for a good background
modelling. The dominant contribution to this background comes from real muons
or electrons from heavy-flavour hadrons decaying semileptonically or from mis-
reconstructed converted photons (¢ — ee) in neutral pion decays, which trigger
the event. Those leptons are not expected to be isolated, but a small (non-negligible)
fraction passes the lepton isolation requirements.

Using Monte Carlo technologies to achieve good modelling is very difficult, mostly
because the fraction of events that passes the selection criteria is very limited, and
the available simulations do not ensure enough statistics in this phase space. Thus,
a data-driven template method is used to extract the multi-jet shape and normal-
ization for each 1-lepton region separately. A multi-jet-enriched control region is
defined inverting the strict lepton isolation requirements, described in Section 7.2.
The electrons in the inverted isolation control region are still required to pass the
loosest lepton isolation working point, to reduce the contamination from fake elec-
trons. In this way, the selected events are kinematically close to the corresponding
signal region but not overlapping with it. The assumption is that the multi-jet shape
does not change when loosening the isolation cuts since in any case the main source
of MJ background entering in this region is still due to semileptonic heavy flavour
decays (and not for example from misreconstructed gluon jet events which might
bias the kinematic). Despite the nominal analysis requires exactly two b-tagged jets
in the event selection, the criteria is here loosened to allow also the 1-tag events -
since the kinematic properties are expected to be similar in the background region -
so to increase the size of the control sample.

The background enriched control region is created to provide the template for the
multi-jet shape of any variable, once the electroweak component (top, single-top, di-
boson, V+jet) is subtracted from the data. The normalisation factors of the multi-jet
and the single electroweak (EW) components are extracted in the signal region, with
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FIGURE 7.3 — Multi-jet estimate in the 1-lepton channel. The plots show the result of the
multi-jet template fit in terms of mY distribution separately in the electron (a) and muon
(b) sub-channels in the signal region. The respective estimates are reported in the plots
together with the associated statistical and systematic uncertainties. The Higgs boson
signal (mpy = 125 GeV) is shown as a filled red histogram, its shape is enhanced and
shown as an unstacked open histogram, scaled by the factor indicated in the legend.
These plots refer to the 2015+2016 estimation only [187]. The estimation for the full
2015+2016+2017 dataset has been performed with the same method.

a simultaneous fit to the transverse W-candidate mass (m%‘/) distribution in data.
This variable has been found to provide the best discrimination between the MJ and
EW backgrounds, and thus the best control on the normalization factors. Separate
templates for the multi-jet contributions are obtained depending on lepton flavour
(e/ 1), jet multiplicity (2/3-jet regions) and pY¥ region. In order to improve the statis-
tical precision in the determination of the W + jet and top quark background normal-
isation factors, the multi-jet template fit is performed simultaneously in the electron
and muon sub-channels. A simultaneous fit to the two sub-channels is performed
with common W + jet and top quark background normalisation factors. Once the
normalisation factor of the MJ and electroweak components are measured from the
mY fit, they can be used in the background enriched control region to extract the
shape template of any other variable, in particular the MVA discriminant. These
shape templates are then used in the signal region.

Figure 7.3 presents the results of the multi-jet estimation in the 1-lepton 2-jet elec-
tron and muon sub-channels (in the signal region) for the m}Y distribution using
2015+2016 data. When adding also 2017 data, the total fake electron (muon) contam-
ination in the 2-jet channel is estimated to be 1.9% (2.8%) of the total background con-
tribution in the electron (muon) sub-channel, while in the 3-jet category it is found
to be 0.2% (0.40/0).

7.2 Object and Event selection

The description of the objects (leptons, jets, EL. ) and the reconstruction and
identification techniques used for this analysis closely follow the definitions of Chap-
ter 3. Since the background composition is very different in the various channels, the
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object selection is optimised separately for 0-, 1- and 2- leptons. The following event
selection is applied to reduce as much as possible the background contamination in
the various channels:

- Triggers: Events in the 1-lepton electron sub-channel and in the 2-lepton

channel are selected using the lowest unprescaled single lepton triggers, hav-
ing pr thresholds at 24 (26) GeV for the 2015+2016 (2017) periods. These trig-
gers are 80-90% efficient already at 30 GeV, and they become fully efficient
(above 97%) around 50 GeV (80 GeV for electrons). In the 0-lepton chan-
nel the analysis uses missing transverse energy (ETi%) triggers with lower
thresholds at 70 GeV for 2015, 90 GeV or 110 GeV in 2016 and 110 GeV in
2017. The EXs trigger efficiency is 85-90% for p¥% = 150 GeV and reaches
~ 100% around 180 GeV.
In the 1-lepton muon sub-channel, the single muon triggers have an efficiency
of around ~ 80%. This is mainly due to the reduced acceptance of the fast
muon chambers, covering only the region |r7| < 2.4 (plus gaps at || < 0.1).
In order to recover a high level of efficiency also for the muon-sub channel,
the single muon triggers are complemented with ER'* triggers. The ERS trig-
gers exploit the presence of the neutrino and the fact that muons are MIP. In
fact these triggers are relying only on calorimeter informations, thus they can
fire also in case of high pr muons, which have very mimimal energy losses
at calorimeter level. The efficiency of the ET*® triggers have been found to be
around 98% for the signal in the pY region above 150 GeV.

- Leptons: Two different lepton selections, identified as VH-loose and VH-signal,
are applied. Due to the higher contamination from non-isolated fake leptons
in the 1-lepton channel (from multi-jet background), the VH-signal criteria
are further split in ZH-signal and WH-signal and optimised separately. A
summary of the electron and muon requirements is given in Table 7.2 and
Table 7.3 respectively.

The VH-loose criteria require an electron (muon) passing loose identification
and at least pr > 7 GeV, || < 2.47 (2.7), impact parameter significance
log,/do| < 5(3) and |Azgsin@| < 0.5 mm to reject tracks from pile-up (and
cosmics). The ZH-signal criteria require pr > 27 GeV in addition to the VH-
loose criteria. In both cases a loose isolation based only on track information
is required. More details about the Loose-Track isolation working points for
electrons and muons are given in Section 4.2.2 and 4.3.2 respectively. In 1-
lepton, the presence of isolated leptons is crucial to reduce the fake-lepton
background (i.e. QCD multi-jets), therefore a tighter selection is applied: the
WH-signal requires pr > 27 GeV as well as medium identification (tight ID
for electrons) and tighter HighPt-calo isolation, based only on the calorimeter
information, for electrons and HighPt-track isolation, based on track infor-
mation, for muons. More details about the HighPt isolation working points
for electrons and muons are given in Section 4.2.2 and 4.3.2 respectively.

At last, in the 2-lepton channel the invariant mass of the two leptons, myy, is
required to be consistent with the mass of the Z boson: 81 < my, < 101 GeV.

- ERss: In the O-lepton channel the pY¥. of the vector boson is reconstructed as
the EMsS, therefore a requirement ET® > 150 GeV is applied to select the
high p!, region. In the 1-lepton electron sub-channel a selection of EFsS > 30
GeV is applied to reduce the background from multi-jet production.
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Category pr i ID d(s)ig |Azgsin6| | Isolation

VH-loose | >7GeV | |n| <247 | Loose-LH | <5 | < 0.5mm | Loose-track

ZH-signal | > 27GeV | |n| <247 | Loose-LH | <5 | < 0.5mm | Loose-track
WH-signal | > 27 GeV | |n| <247 | Tight-LH | <5 | < 0.5mm | HighPt-calo

TABLE 7.2 — Electron selection requirements.

Category pr n ID dy® | |Azgsinf| | Isolation

VH-loose | >7GeV | || <27 | Loose-ID | <3 | <05mm | Loose-track

ZH-signal | >27GeV | || <25 | Loose-ID | <3 | <05mm | Loose-track
WH-signal | >25GeV | |y| <25 | Medium-ID | <3 | < 0.5 mm | HighPt-track

TABLE 7.3 — Muon selection requirements.

- Jets: The jets are divided into signal jets and forward jets, a summary of their
selection requirements is given in Table 7.4. Signal jets are the ones used for
b-tagging, and they are required to have pr > 20 GeV and || < 2.5. Jets with
20 < pr < 60 GeV and || < 2.4 have to pass a certain quality threshold (JVT
> 0.59, with JVT defined in Section 4.4.2). Events are required to have at least
2 signal jets, with the highest-pr (leading) b-tagged jet with pr > 45 GeV. The
0-lepton and 1-lepton channels only consider events with at most 3-jets, with
at least two signal jets and the third jet allowed to be in the forward region
(|n] < 4). Since the 2-lepton channel kinematics is more constrained, this
channel exploits also events with more than three jets to gain in sensitivity.

Category Selection requirement
pr > 20 GeV
Signal Jets ln| <25
JVT> 0.59 (if pr < 60 GeV and || < 2.4)
Forward Jets pr > 30GeV, 25 < || <45

TABLE 7.4 — Jet selection requirements.

- b-tagging: All the signal jets are considered for b-tagging. Among them, ex-
actly two signal jets are required to be b-tagged at the 70% efficiency working
point using the MV2c10 tagger. In case of three jets, a veto on the b-tagging
of the third jet is applied (meaning that the third jet is required not to pass
the 70% working point). Truth tagging is applied to the V+jets samples with
b-veto, so not containing b-hadrons (described in Section 7.1), and to WW.
More details are given in Section 7.6.2. The two b-tagged jets are used to
construct the H — bb candidate.

- Vector boson: In 1-lepton the p¥ of the vector boson is the vectorial sum
of the EITniSS and the pr of the lepton, in 2-leptons it is the vectorial sum of
the two lepton pr and in O-lepton it is the ETS as described before. In the
0-lepton and 1-lepton channel the reconstructed vector boson is required to
have a minimum transverse momentum of 150 GeV, due to the slow turn on
of the EM* triggers and to the huge multi-jet contamination at lower values.
In 2-leptons the minimum p¥ requirement is lowered to 75 GeV, keeping the
separation at 150 GeV to disentangle medium and high pY. regions.
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Table 7.5 summarises the event selection criteria described above, while Table 7.6
summarizes the acceptance for the three channels after the full event selection, as
well as the predicted cross-sections times branching fractions separately for the each
signal process.

7.2.1 Improvements on 1y, resolution

The di-jet mass variable is the most discriminating variable to disentangle the
VH,H — bb signal from the background. Its resolution is however deteriorated by
inaccuracies in the b-jet energy measurement, which reduce the overall discriminat-
ing power by broadening the resonant peak. Different corrections are applied to
recover for these effects. Improvements up to ~ 40% in the my;, resolution can be
achieved depending on the channel, as shown in Figure 7.4. The applied corrections
are briefly described below:

- Muon in Jet: as described in Section 5.1.5 the leptonic+semi-leptonic b-quark
BR is ~42%, including electron and muon contributions. Therefore, b-jets are
expected to contain a muon ~20% of the times. The total energy of the jet
is calculated starting from calorimeter information, but the muon energy is
often lost in this calculation since it deposits just a small amount of energy in
the calorimeters (typical value ~ 3 GeV). To correct for this effect, if a muon
with at least medium quality criteria and pr larger than 5 GeV is found within
ajet (AR(jet,muon) < 0.4), its momentum is added to the total momentum of
the jet.

- PtReco correction: this correction is applied after the muon in jet correction,
to compensate for biases in the jet response due to residual effects beyond the
semi-leptonic decays, out-of-cone energy losses and undetectable neutrinos.
The correction is obtained from ZH — ¢{bb events from simulation by com-
paring the calibrated energy of the jet with its true energy. The ratio is taken
as a correction scale factor.

- Kinematic Fit (2-lepton only): in the 2-lepton channel no significant ETSS is
present, therefore the full kinematic of the event can be reconstructed. Since
the lepton resolution is much better than the b-jet resolution, the transverse
energy of the di-jet system is corrected to perfectly balance the one of the
di-lepton system. This is achieved with a kinematic likelihood fit (KF). The
dilepton invariant mass is fitted with a Breit-Wigner distribution with Z bo-
son mass as its mean and the Z decay width as its width, while the transverse
momentum of the total £/bb system is described by a Gaussian smearing func-
tion, with mean value fixed at 0 (complete balance) and width fixed to 9 GeV,
determined by measurements in simulated ZH events based on truth level
information. The transverse momenta of each object in the fit (¢,¢,b, b) are
smeared by a Gaussian resolution function separately. The correction out-
coming from the fit leads to an improvement of ~ 20% in the di-jet mass
resolution. The kinematic fit is applied in combination with the muon in jet
correction and no PtReco correction is applied, since it is already taken into
account by the fit.
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Acceptance [%]

Process o x B [fb]

0-lepton  1-lepton  2-lepton
qq — ZH — (lbb 29.9 <0.1 0.1 6.0
g9 — ZH — £0bb 4.8 <0.1 0.2 13.5
qq— WH — tvbb  269.0 0.2 1.0
qq — ZH — vvbb 89.1 1.9 -
g9 — ZH — vubb 14.3 3.5 - -

TABLE 7.6 — The cross-section () times branching ratio (1) and acceptance for the three
channels at /s = 13 TeV. The qq- and gg-initiated ZH processes are shown separately.
The branching ratios are calculated considering only decays to muons and electrons for
Z — (l, decays to all three lepton flavours for W — (v 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 [205].
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FIGURE 7.4 — Comparison of the my,;, distributions as additional corrections are applied
to the jet energy scale, shown for simulated events in the 2-lepton channel in the 2-jet
and p% > 150 GeV region. A fit to a Bukin function [206] is superimposed on each
distribution, and the resolution values and improvements are reported in the legend

[187].
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7.2.2 Di-jet mass analysis additional selection

As described in the introduction, the nominal analysis is cross-checked with a
second analysis: the di-jet mass analysis, which substitutes the fit to the MVA distri-
bution with a fit on the di-jet invariant mass. Since this analysis relies on a fit to a
single variable, rather than a fit on a combined MVA classifier, specific requirements
must be applied at selection level to reduce the background under the di-jet mass
(mypp) peak in the signal region. The additional selection criteria are summarized in
Table 7.7 and briefly described below:

- The fitting regions are further separated into two p¥ regions: 150 < p¥ < 200
GeV and above 200 GeV.

- The angular separation of the two jets, |AR (b, bz)|, is required to be smaller
than certain thresholds, separately optimised in each p¥ region. In fact, the
angular separation decreases when the Higgs boson candidate momentum,
and therefore pY. increases. At first approximation this relation can be written
as:

AR(b,b) ~ =7 (7.1)
with my, the di-jet invariant mass and p}%b the transverse momentum of the
di-jet system.

- In 1-lepton the tf background is further suppressed requiring m'’ to be below
120 GeV (as can be seen in Figure 7.3), with m? defined as:

mly = \/2p§EaniSS(1 — cos(pt — gmiss)) (7.2)

- In 2-lepton the tt background is suppressed requiring E’fT’“iss /+/St to be below
3.5 VGeV, with St being the scalar sum of the transverse momentum of the
two leptons and all the reconstructed jets in the event.

Channel

Selection 0-lepton 1-lepton 2-lepton
my - < 120 GeV -
ERs /5y - - < 3.5vGeV
\% .
pr regions
pr (75, 150] GeV | (150, 200] GeV | > 200 GeV
(2-lepton only)
AR(by,by) <3.0 <18 <1.2

TABLE 7.7 — Summary of the signal event selection in the 0-, 1- and 2-lepton channels of
the cut-based di-jet mass VH — bb analysis.

7.2.3 Analysis regions

The events passing the outlined selection criteria are further split into different
categories. In total eight signal regions (SR) and six control regions (CR) are defined.
The categorisation is performed per lepton channel by counting the number of re-
constructed leptons (0-,1-,2-leptons), jet multiplicity, and momentum of the vector
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boson. Since the background contamination is reduced at high pr of the Higgs bo-
son candidate (or equivalently of the vector boson), events are categorised according
to the reconstructed transverse momentum of the vector boson p¥, to increase the
overall S/B ratio. In the O-lepton and 1-lepton cases just one p¥ region is defined
requiring p¥. > 150 GeV, while in the 2-lepton case two regions 75 < p¥ < 150 GeV
and p¥ > 150 GeV are retained as described in the previous Section.

Events are further categorised depending on the jet multiplicity: in the 0- and
1-lepton case the events are divided into exactly two jets (2-jets) or exactly three jet
(3-jet) categories to reduce the tf contamination, while in the 2-lepton channel the
three jet category is modified to contain events with at least three jets (3p-jet).

To reduce the dependence on the Monte Carlo simulation and the effect of sys-
tematic uncertainties, the shapes and/or normalizations of some of the main back-
grounds are determined directly on data, by defining specific control regions (CR)
enriched in one particular background process. Additional criteria are applied to
select these regions, on top of those described in the previous Sections. These re-
quirements are designed to make the control regions orthogonal to the signal re-
gions, with a negligible amount of signal contamination. Two main control regions
are defined: the W+HF control region in the 1-lepton channel and the top ey control
region in the 2-lepton channel. More details are given in the next Sections. In the
di-jet mass analysis, the regions are modified to enhance the overall sensitivity as
described in Section 7.2.2, and in the 1-lepton channel the W+HF CR is merged into
the signal region.

W-+HF control region

This control region aims at constraining the normalisation of the W+HF back-
ground directly from data, considerably reducing the related normalisation uncer-
tainty in the fit. This goal is achieved selecting a region of the 1-lepton channel
phase space with high W+HF purity, both in the 2-jet and 3-jet categories. The se-
lection cuts are applied to disentangle the W+HF process from the semi-leptonically
decaying tt process, which is the dominant background contribution in the 1-lepton
channel. Exploiting the kinematics of the event, the mass of the top quark decaying
to Wb — (vb can be reconstructed and the majority of the tf events can be separated
from the W+HF background.

The first step in the calculation of the top mass variable consists in the estimation
of the longitudinal momentum of the neutrino. Assuming the lepton-neutrino pair
to be produced in a W boson decay, and the ET*® to entirely arise from the neutrino,
the longitudinal momentum of the neutrino can be achieved imposing the conserva-
tion of energy and requiring the invariant mass of the lepton-neutrino system to be
equal to the W boson mass. The solution of the conservation of energy equation are

1 ¢ 2 0 \2 ( priss)2
P = g X Ery/ X2 — 4(pl)2(E3)2), (73)
with X defined as: , ]
X = 2y + 2pLEIs 4 2pl i (7.4)

with pf, pf, p! the x, y and z components of the lepton four-momentum, p4 the lep-

ton transverse momentum and EZT;SS the x and y components of the ETS in the trans-
verse plane. Of the two possible solutions, the smallest one is considered. Some-
times, the transverse mass of the reconstructed lepton-neutrino system can be larger

than the mass of the mother particle (W), leading to imaginary values of the square
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root. This is assumed to be entirely due to resolution effects and corrected by setting
the discriminant? equal to zero. In these cases only one real solution to the equation
is available. The final M;,, variable is then reconstructed by selecting the jet from
the two b-tagged jets minimising M;,p. For true tt events the M;,, distribution is
peaked at My,, ~ 172.5 GeV, while for W+HF no peak is expected; cutting on this
variable therefore allows to remove a large fraction of this background from the con-
trol region. The cut M, > 225 GeV was found to be a good compromise between a
high tt suppression and enough W + HF statistics in the CR.

In order to ensure the minimal signal contamination for this control region, an addi-
tional selection is applied to the di-jet mass, requiring m;, < 75 GeV. The combina-
tion of these cuts allows having a W+HF purity in the control region of ~ 80%(75%)
in the 2-jet (3-jet) region. Due to limited statistics, a single bin is defined both in 2-jet
and in 3-jet categories, meaning that this W+HF CR is only used to constrain the nor-
malization of the W+HF background in the SR, but not the modelling uncertainties
related to its differential distributions (see Section 7.5.2).

Top ey control region

The second most important background normalization uncertainty in the analy-

sis is the tf normalization. As for the W+HF case, having a dedicated control region
to constrain the tf background parameters directly from data highly reduces this un-
certainty in the final fit. Therefore, a dedicated tf and Wt enriched region is defined
starting from the 2-lepton channel selection, requiring the two leptons to have differ-
ent lepton flavours, i.e. ep. This is orthogonal to the 2-lepton channel signal region
selection, where the two leptons must have the same flavour (to fulfill the lepton
flavour conservation in the Z decay).
This region is called top ey CR and it is 99% pure in tf and Wt. The kinematics of
tt events in this region is similar to that observed in the signal region, thus it can be
exploited to constrain both normalization and modelling (of the m;, component) in
the 2-lepton channel. Examples of the my,;, distributions from the 3-jet top ey CR are
presented in Figure 7.5.

7.3 Multivariate analysis

A multivariate analysis (MVA) making use of boosted decision trees [207] is im-
plemented, to separate the Higgs boson signal from the large V+jets and top back-
grounds, as well as from subdominant ones, such as the diboson production. Multi-
variate discriminants are constructed, trained and evaluated in each lepton channel
and signal region separately. The input variables used for the BDTs are chosen to
maximise the separation power. The MVA approach is expected to bring an im-
provement of ~ 15% in sensitivity with respect to the di-jet cut-based analysis [208].
Additional BDTs are trained for the diboson cross-check analysis, using the same in-
put variables as the VH, H — bb case, but using the diboson contribution as signal
and the VH as part of the background in the training. In order to distinguish the two
BDTs, the label BDTy 7 is added in case of the diboson BDT.

The general idea of any multivariate classification method is to combine a set of
chosen variables x; _, able to discriminate between signal and background - or mul-
tiple hypotheses when speaking of multi classifiers - into a single variable y which
overall will have an enhanced separation power. The relation between the input

2. The expression under the square root as in Equation 7.3.
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FIGURE 7.5 — The my, distributions in the ey control regions for the VH, H — bb anal-
ysis for (a) the 34ets 75 < p¥% < 150 GeV category and (b) the 3ets p¥ > 150 GeV
category. The dashed histogram shows the total pre-fit background. The entries in
overflow are included in the last bin. The ratio of the data to the sum of the signal and
fitted background is shown in the lower panel [205].

variables and the final classifier is

y = f(x1,.. Xn) (7.5)

with f a function to be determined starting from the input variables x; _,. The best
f(x1, ..., xn) functions for signal and background are built starting from large sets of
events pre-labelled as signal or background (see later for more details on the build-
ing process). This procedure is also called training. If the number of events is not
enough, the MVA can be sensitive to the so-called overtraining, meaning the special-
isation of the f function to the particular set of data used for the training, which
makes the algorithm fail to predict observations reliably on an alternative dataset.
For the VH,H — bb analysis the Boosted Decision Tree algorithm was chosen as
the best compromise between training-tuning time and robustness, following from
studies discussed in Ref. [208].

7.3.1 Boosted Decision Trees

Boosted Decision Trees (BDTs) are combinations of Decision Trees (DT). A Deci-
sion Tree can be intuitively seen as the optimization of a cut-and-count approach in
a multi-dimensional phase space. A decision tree takes a set of variables as inputs
and splits the events recursively based on those features. The final result is a tree
with decision nodes and leaf nodes. A decision node has two or more branches,
while a leaf node represents a classification or a decision. Each node carries a cut
qualification so that a tested candidate advances from this node either to the left or
right daughter nodes depending whether it fails or not the cut. Consequently, any
event that fails a certain cut will not be thrown away immediately as background,
but continue to be analyzed.

The decision tree training uses a set of known signal and background training events,
each with event weight w;, to build a tree structure of cuts node by node. The event
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weights w; can be set to unity or to event-by-event values. In the VH, H — bb anal-
ysis the initial weights are set to the Monte Carlo event weight, which contains all
the corrections described in Section 7.1 and the normalization of the samples to the
correct cross-sections. The function used to optimise the decision cuts in the tree
relies on the Gini index:

Gini(c;) = 2p(ci) (1 — p(ci)) (7.6)
where c; represents the cut threshold of the variable i and p(c;) is the purity:
S Y Ws

PT5YB T Lot now 77
and S(B) is the weighted total number of signal (background) events which arrived
on the node during training. Therefore, the Gini index is 0 when the node is either
only pure signal or pure background (1 or 0) and maximized when the purity is
0.5. The maximum separation is defined as the maximum change in the Gini index
between the mother node and the two daughter nodes, defined as:

AGini = Giniyotper — f1 - Giniy — frGinig (7.8)

with L and R the left and right daughter nodes and f ) the weighted fraction of
events in the daughter node. The cut corresponding to the highest AGini is chosen
and the process continues for the daughter nodes with the remaining cuts, grow-
ing the tree until the split in each node results in less than a minimum number of
events in the daughter node. This node is then defined as leaf, with a certain purity
assigned. Depending on its purity, a leaf can be a signal or a background leaf, mean-
ing that events falling in that leaf will be classified as signal or background events
accordingly. A schematic view of the structure of a Decision Tree is given in Figure
7.6. A test event will go through the cut conditions until it falls in a decision leaf.

FIGURE 7.6 — Scheme of a decision tree with nodes (intermediate steps) and leafs (deci-
sion nodes). The blue indicates a signal-like leaf, while the red indicates a background-
like leaf [209].
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Boosting

While a single decision tree already improves upon a simple cut-based analysis,
boosting significantly increases the performance of the algorithm. The idea behind
boosting is to combine many Decision Trees consecutively, as described in this Sec-
tion. The trees are trained consecutively with new weights calculated after each
iteration. A stronger weight, determined as explained below, is assigned to the can-
didates misclassified by the previous tree, to increase their importance during the
next training. The change of weights at each step makes the overall algorithm less
influenced by the statistical fluctuations of the training sample. This ensures more
stability and robustness against overtraining, which occurs when the classifier spe-
cializes the f(x1, ..., x,) function on features of the training sample. Several methods
to quantify the overtraining are available, as described in the next Section. The mis-
classification rate of the m'" tree can be defined as the weighted fraction of misclas-

sified events: .
Zj Wip,j * My, (])
L Win,j

with a loop over the j events in the training sample with a weight w,, ; and using the
value My, (j) = 1 for misclassified candidates and 0 otherwise. The boost weight a,,
assigned to a specific Decision Tree is defined as:

4y = In <1_m’”> . (7.10)

erty = (7.9)

errm

In the next m + 1 training, the final weight of the i event is defined as:
Wint1,i = Wi eam-Mm(i) (7-11)

Thus, the weights of correctly classified candidates are not changed. The Decision
Tree scores are combined to determine the BDT score y of the event, being:

1 Neotiection

N — 0y - hy (X1, ., X0) (7.12)
collection

n

with Neoijection the number of classifiers in the collection, &, the weight of the event
in the n-th classifier and h, (x1, ..., x,;) the result of an individual classifier, given the
variables x1, ..., x,;, which can be -1 for a background-like or +1 for a signal-like deci-
sion.

The output y is a number between -1 and 1, which can be intuitively seen as the
likelihood for an event to be classified as signal or background. Signal events are
expected to be closer to 1, while background events are distributed at lower BDT
values. There are may different boosting techniques: [210]: AdaBoost [211], Gradi-
entBoosting [212], XGBoost [213]. For historical reasons, the algorithm used for the
VH,H — bb analysis is AdaBoost 3. The formalism corresponds to the one reported
in this Section, with a small modification in the definition of the a parameter:

4, = In <5 : 1_m’”> (7.13)

erry

with B a specific parameter called learning rate, which is set by the user.

3. Alternative methods were tested in Run-1, resulting in similar performance compared to Ad-
aBoost
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7.3.2 The MVA training setup

Only events that passed the event selection described in Section 7.2, are con-
sidered in the multivariate analysis. Since each channel has its specific background
composition, the input variables are chosen independently for each channel, to max-
imize the individual signal and background separation.

Variable O-lepton  1-lepton  2-lepton
pr . = B3 X X
Ees X X X
pi}l X X X
plfl? X X X
™My x X X
AR(gl, 52) X X X
’AW(EMEQH X

, X x X
Ap(V, bb)
|An(V, b)) x
Meff X
min[A¢ (7, b)] x
ml «
Myp X
Mtop X
|AY (V, bb)| X

Only in 3-jet events

pts x X x
Mpp;j x X X

TABLE 7.8 — Variables used for the multivariate discriminant in each channel [205].

The choice of variables for the BDT has been made in Run-1 [208] as an iterative
process. Starting from my;, additional variables are added looking at the sensitivity
gain of the BDT after the new training. Only the variables with the highest separa-
tion power are kept*, until no further improvement is observed. Good modelling is
required for the input variables to ensure no bias in the implementation of the BDT.
A summary of all the variables used in the 0-, 1- and 2-lepton BDTs is presented in
Table 7.8. The best separation power is given by the m,;, and AR(bb) variables, which
exploit the correlation of the two b-jets and the constraints on their kinematics given
by the Higgs boson decay. These correlations do not exist in the background pro-
cesses since the b-jets do not originate from the decay of a resonance, except for
the diboson process, which represents a sub-dominant contribution compared to the
overall background. The 1-lepton and 2-lepton channels include also variables to
specifically increase the separation power with respect to tt events, such as M;,p in
the 1-lepton channel, m,, and EF"** in the 2-lepton channel.

The BDT parameters (also referred to as hyper-parameters) have been tuned per-
forming a scan of the various combinations. The settings were chosen in the previ-
ous round of the analysis and not changed in the 2018 iteration, due to the limited

4. The variables were found to be optimal also in the 2017 round of the analysis (with 36 b1 of
Run-2 data at /s = 13 TeV), and they have been kept unchanged for the 80 fb~! publication.
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amount of time. Table 7.9 summarises the settings of the BDT used in the three
channels.

Configuration | Value | Definition

BoostType AdaBoost | Boosting procedure

AdaBoostBeta | 0.15 Learning rate

SeparationType | Ginilndex | Node separation gain

NTrees 200 Number of trees

MaxDepth 4 Maximum tree depth

NCuts 100 Number of equally spaced cuts tested per variable per node
NEventsMin 5% Minimum number of events in a node w.r.t. total

TABLE 7.9 — Nominal BDTyy and BDTy 7z configuration parameters implemented for
the VH,H — bb analysis.

In order to control the impact of the limited Monte Carlo statistics on the BDT
performance, the available dataset is split into two sub-sets based on the event num-
ber, even and odd. These sub-sets are named folds and no difference is expected
between them. The two folds are reciprocally used for training and testing several
BDTs, meaning that first the BDT is trained on one fold and tested on the other and
a second training is performed reverting the two sub-sets. The BDT outputs are
expected to be insensitive to this change, because there is no physical difference be-
tween even and odd events, therefore the BDT shapes should coincide in training
and evaluation. If the BDT outputs are different, it means that the BDT has been
optimised on statistical fluctuations of the training dataset, and therefore there is
overtraining. Figure 7.7 shows the comparison of the BDT output in the training and
evaluation datasets for signal and background superimposed for the 1-lepton chan-
nel. The training and evaluation distributions are almost perfectly overlapping, for
both signal and background, meaning that no overtraining is present.
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FIGURE 7.7 — The BDT distributions of the signal (blue) and sum of all background
(red) processes in the 1-lepton 2 jet region obtained with training (dots) and testing
(histogram) samples. Both folds of the training are shown: (left) even and (right) odd
event numbers in the training.

To enhance the number of events in the training sample and therefore reduce the
risk of overtraining, truth tagging is applied to all the events. As described in Section
5.4, truth tagging is a statistical reweighting based on 7 and pr efficiency maps,
which however does not take into account other important variables of the process,
such as the angular separation ARy, between the two b-jet candidates. Therefore,
changes in the shapes of the BDT variables can be observed, and the resulting BDT
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can be slightly sub-optimal. A 5% decrease in performance was observed in the 0-
lepton BDT when moving to truth tagging with respect to direct tagging, according
to a study performed in 2016 [214].

7.3.3 BDT transformation

The output of the BDT is stored in histograms with 1000 bins. A variable-size
re-binning has been developed to optimise the sensitivity, while improving the sta-
bility of the final fit. For each bin, the fit needs to handle the specific signal and
background uncertainties (bin-dependent) and the correlations across the bins for
all the considered regions, therefore the complexity of the fit grows very quickly.

A numerical optimization algorithm is defined to search for the optimal binning.
The optimisation has been done for the analysis of 36 fb~! of Run 2 data, maximising
the expected statistical significance from the Likelihood fit for a given number of bins
in the output histogram and not changed for the 80 fb~! analysis due to the limited
amount of time. The transformation function Z is defined as:

= 4zt (7.14)

with N; and N, the total number of fine bins for signal and background, zs and
zp, are the free transformation parameters to be optimised and #; are the numbers
of signal (background) events in the interval containing a certain number of bins.
Starting from the highest bin (i.e. the right-most bin), the algorithm starts grouping
the bins one by one re-computing the Z function at each step, updating the value of
ns and ny, until the condition Z > 1 is fulfilled. These bins are then merged in one
single bin and the procedure is repeated iteratively until all the bins are considered.

With this algorithm the number of bins in the output histogram, Ny, is directly
connected to the free z parameters: Ny;, = zs + z;. The BDT shape is impacted by
this rebinning, but the underlying physics is not affected since its shape is not di-
rectly related to a physical interpretation. To visualize the impact of the z; and z,
tuning on the BDT shape, one can look at two extreme cases: for z; = 0, z, > 0 the
background would be equally distributed among the bins, with Ny;;, = z;,. On the
contrary, for z; > 0, z;, = 0 the output would be a flat signal distribution. The tun-
ing allows to adjust the shape of the output distribution by interpolating between
these cases. The goal is to obtain a smoother distribution for the background and
a finer binning for the bins with the largest signal contribution, while keeping the
statistical uncertainty of the simulated events under a certain threshold for each bin.
The BDT transformation parameters have been optimised for the 36 fb~! analysis to
be: z; = 10 and z;, = 5, leading to a total of 15 bins after the reweighting. These val-
ues have been chosen to maintain the statistical uncertainty of the simulated events
(especially in the most sensitive regions) below 20% in each bin.

7.4 Statistical Treatment

The analysis regions described in Section 7.2.3 are combined in a simultaneous
fit to extract the VH, H — bb signal strength, defined in Chapter 2 as:

o -BR

= —, 7.15
0sm - BRsm (7.15)

H
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The fit is based on the so-called profile likelihood formalism, which is explained in
more detail in the next Sections.

7.4.1 Hypothesis Testing

The hypothesis testing is the statistical procedure used to verify or exclude a
certain hypothesis, with a pre-defined level of confidence. Usually, two statistical
datasets are compared: one obtained from experimental observations and one gen-
erated from theoretical predictions. Various hypotheses can be proposed on the re-
lationship between these two datasets. The null hypothesis (Hp) is referred to as the
background only hypothesis, while the alternative hypothesis (H;) can have different
formulations, for the purpose of this thesis work the alternative hypothesis is for-
mulated as the expected signal+background hypothesis (H; = S + B). The hypothesis
test aims at verifying the null hypothesis comparing experimental and simulated
datasets. If the null hypothesis fails with at least a predefined probability the test is
defined statistically significant and the null hypothesis can be discarded.

The test is usually performed on a specific quantity calculated from the data sam-
ple, called test statistic, which estimates how probable the observed result is with re-
spect to the null hypothesis. The test statistic is defined in such a way to attribute the
null hypothesis to the SM “background only” hypothesis and the alternative hypoth-
esis to the signal+background. For this type of analyses the test statistic is usually
defined as the Likelihood Ratio (see next Section). The p — value variable quan-
tifies the probability to have a value of test statistic larger than the observed one,
assuming the null hypothesis as true (see Figure 7.8). The smaller is the p-value, the
worse the background-only hypothesis describes the data sample. In other words,
the p-value quantifies the probability of observing random excesses which can fake
a signal+background hypothesis, in case the background only hypothesis is true.

8 N
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FIGURE 7.8 — Illustration showing the control area a and the p-value of a Gaussian
distribution. X5 corresponds to the observation, while x = X5, corresponds to the x
value at 50 from the null hypothesis, having a probability of 2.87/107 to be associated
with the null hypothesis.

If this p-value is smaller than a certain threshold, explaining the observed data
with a background-only hypothesis becomes more and more unrealistic and the Hy
hypothesis can be rejected. The p-value is usually converted into the so-called sig-
nificance Z, defined in terms of standard deviations of a standard Gaussian distri-

bution:
Z=a1~-po) (7.16)
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where @1 is the inverse of the cumulative distribution of the standard Gaussian.
Conventionally, the test is said to be statistically significant and the null hypothesis
is rejected in favour of the alternative one (signal+background) when Z=5. This 5¢
significance needed to claim a discovery is equivalent to a p-value of 2.87 /107, which
means a probability of less than ~ 3 over 10 million that the observation is due to a
background fluctuation.

7.4.2 Likelihood Ratio

The hypotheses considered in the hypothesis testing can be expressed as us + b,

where y is the signal strength. The background only hypothesis corresponds to y =
0 while 4 = 1 corresponds to the signal+background hypothesis for a SM Higgs
boson decay.
Given a set X of n observed signal events, denoted by the measurements of the
variable - or vector of variables - x, with X = [x1, ..., x,], and a simulated probability
density g(x|u), where p is defined as the parameter of interest (free parameter), the
probability to have the sample X is given by the product of the probabilities of the
single i measurements to be in the interval [x;, x; + dx;]:

P=T]P(x:) =[] g(xilw)dxi = L(X|p) ] dxs, (7.17)
i=1 i=1 i=1

where P(x;) is the probability to find a measurement (x;) in an infinitesimal inter-
val [x;, x; + dx;]. The quantity £(X|u), which defines the convolution of probability
density functions, is the so-called likelihood function.

The VH, H — bb statistical analysis uses a binned version of the likelihood func-
tion, where the oberved x; are substituted by the histogram bins (Nj;,s) after the BDT
transformation described in Section 7.3.3. In addition, the cross section of interest-
ing events is usually really small, therefore the signal is considered as Poisson dis-
tributed. Under these assumptions the binned likelihood function can be expressed
as:

Npins . i
£ = 1 P

i=1

e~ (msitbi) (7.18)

with p the measured signal strength of Equation 7.15, s; and b; the expected number
of signal and background events in the bin i and n; the number of observed data
events in the bin i.

The effect of systematic uncertainties is incorporated in the likelihood definition
through additional so-called nuisance parameters (NP). They allow for an increase of
the flexibility of the model and its capability to better agree with the data. The NP
are estimated from data or external measurements, which provide both central value
and uncertainties. Each independent source of systematic uncertainty corresponds
to a specific nuisance parameter 6, therefore calling 8 the vector of nuisance param-
eters, the likelihood function becomes:

Nbpins . . n;
E(y,ﬂ) _ H ("MSI(B) + bl(e)) o (msi(0)+Di(6)) Eﬁﬂ(@) (7.19)

1
i=1 ni:

with L4,,(0) the auxiliary likelihood function constraining the distribution of the
systematic uncertainties around their central value. In most cases this distribution
can be parametrised by a Gaussian function, therefore the auxiliary likelihood for a
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number of systematic uncertainties Nyys; appears as >
Nsyst _(af_ef)z

1 217.2
Laux(e) = H e 7, (7.20)
j V2

where 5]- is the central value of the Gaussian, which by convention is set to § = 1 for
the normalization NPs and to 8 = 0 for the other NPs, shifting the nominal central
value of the prediction; ¢; is a generic value for the NP and 0 is the prior uncertainty
of 0;. This additional term acts as penalty term, penalising large deviations from the
value set a priori 6; in the likelihood.

Some nuisance parameters, called freely floating parameters, are completely deter-
mined from the fit and no prior or penalty is set for them. Usually this applies
to the NP related to signal and background normalisations. The maximisation of
the likelihood thus produces a joint measurement of the parameter of interest  and
the nuisance parameters . The fit can shift ("pull") a nuisance parameter to bet-
ter accommodate the data/MC description or/and, at the same time, constrain the
error on the initial value of the NP. The latter happens if the size of the prior uncer-
tainty is too large with respect to the statistical power of data, which can be higher
than the independent dataset used to determine the NP priors in the first place. The
opposite case, when some NP can appear more weakly constrained than the initial
priors (i.e. the post-fit uncertainties are larger than the priors), requires additional
investigations since it generally indicates problems in the fit, for example, if the fit
did not converge or in case of errors in the normalization, or in the definition of the
parameters.

Finally, the statistical uncertainties of the Monte Carlo simulations are also incor-
porated in the likelihood definition. Following a simplified version of the approach
used by Barlow and Beeston [215], a single nuisance parameter is introduced for
each bin of the fitted distributions allowing the total MC prediction in that bin to
vary within its statistical uncertainty.

The likelihood is used to build the test statistics for the background only pg = 0
hypothesis described above in the following way:

N P ( () RPN
2InA(0) 2In £Go ﬁ_ 0
0 u<o

q0(X) = (7.21)

The denominator is the likelihood evaluated at the maximum likelihood point, i.e.
with y = i and 0 = 6 the values maximizing the likelihood function, while the
numerator is the likelihood obtained fixing u to the constant value y = o and fitting

only the nuisance parameters 6, with 8 the values maximizing £ (o, 8). The fact that
the test statistic is defined to be non zero only for i > 0 implies that the limits on
the signal strength are only one-sided, in particular only upward signal strength
fluctuations are considered. Finding values of ji much below zero may indicate an
error in the prediction of the background hypothesis or some other systematic error,
more than an evidence against the background-only model.

In case of 3 > 0, the test statistics becomes larger, indicating higher incompatibility
between the data and the background-only hypothesis. This incompatibility can be

5. Equation 7.20 is valid under the assumption that all systematic uncertainties are considered un-
correlated.
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quantified by calculating the p-value, also named py in these cases, defined as:

Po,obs = f(qolp = 0)dqo (7.22)

q0,0bs

where g o5 is the value of the test statistic measured from the observed data, and
f(golp = 0) the probability distribution function of the test statistic go under the
background only hypothesis (i = 0).

In many realistic cases, finding the correct distribution of f(go|u = 0) is not easy,
and approximate solutions are adopted. The Wilk’s theorem [216] ensures that, if Hy
is true, the quantity:

A(po) = M (7.23)
L(1,0)
is asymptotically distributed as a x> with a number of degrees of freedom equal to
the difference between the dimensionality of numerator and denominator. Thus, in
this particular case with p = g, the Wilk’s theorem ensures that A(pp) is distributed
as a x> distribution with one degree of freedom.

Thus, following Equation 7.16, the p-value is related to the significance Z. Fol-
lowing the demonstration described in Ref. [217] and combining the results with
Equation 7.16, the significance of the # = 0 hypothesis can be defined as:

Zo=® 11— po) = \/90. (7.24)

7.4.3 Asimov dataset

The sensitivity of an experiment to a potential discovery can be determined from
the simulation by quantifying the expected (median) significance with which a non-
zero value of y can be rejected (specifically the nominal y = 1). This value should
be obtained repeating the fit using a large quantity of MC toys and looking at the
median significance obtained from these measurements, which is very expensive in
terms of computational time and complexity. An alternative method is to calculate
directly the median significance, using approximated formulas holding in the limit
of large samples, using an extension of the Wilk’s theorem carried by Wald [218].
Generalising Equation 7.22, the expected p-value is defined as:

po= [ flaol0)dao, 7.25)
qo.,exp

the key ingredients to calculate the pg .y, are therefore f(g0|0), defined as the proba-
bility density function of the log likelihood test statistics, and q0,exp defined as:

qo,exp = med|f (qolpu = 1)) (7.26)

which is the median of the probability density function for a value of u = y’, with
#' # 0. The Wald theorem generalizes the form of the f(go|p = p’) distribution for
non zero j hypotheses (u = ') for a large number of data:

~

2
9 = ~210g () = ~2(log(L(1,0) — 1og L(7i,0) ) ~ <w> (7.27)

Tu
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with ji distributed as a Gaussian with mean ' and standard deviation ;. If 7 fol-
lows this Gaussian distribution and neglecting the O(1/+/N) terms, then gy is rep-
resented by a non central x? distribution with one degree of freedom. An artificial
‘representative’ dataset can be created, such that when it is used to evaluate the like-
lihood, it returns exactly the true values of the parameters. This dataset is defined as
the "Asimov’ dataset [217] and it is found by imposing the derivatives of In(L) (eval-
uated for a specific ) with respect to each parameter equal to zero. This holds if the
parameters are equal to their hypothesized values. Furthermore, the ¢, parameter
can not be analytically obtained since it depends on the nuisance parameters. One
way to overcome this problem is to set the average ¢, of the toy dataset to a value
that recovers the known properties of A(y). This is achieved inverting Equation 7.27
and imposing the variance of the dataset ¢ to be:

2
3= EF) (7.28)
T, A

where the label A is added to distinguish this dataset from the nominal dataset ob-
tained from the measurements. This dataset is therefore the most representative
dataset among all the possible pseudo-experiments since it perfectly follows the
probability distribution function for a specific y = p’ without statistical fluctuations.
In particular, when computing the test statistic, it gives the median of the distribu-
tion by construction. In case of discovery, where the y hypothesis under testis u = 0,
Equation 7.28 reduces to:
2
ot =1 (7.29)
o,A
The median significance is then obtained evaluating Z as a function of the median
test statistic. Combining Equation 7.16 and Equation 7.25, one can show that the
significance Z is a monotonic function of g,. Thus, the median Z can be estimated
directly from the median of g;.
Following from Equation 7.24, the median Z for a ' # 0 is:

med[Zo|¢'] = /90,4 (7.30)

7.4.4 Correlations

The nuisance parameters are sometimes correlated among each other, meaning
that when one is changed in the fit, the other one is also changing. The correlation
matrix helps to understand the reason for pulled or constrained parameters.

In the limit of large samples, the likelihood tend to a zero variance function,
meaning that the biases on the estimators tend to zero. Thus, the correlation matrix
can be extracted from the observed Fisher information as the Hessian matrix H®:

PL 2L L
36,06, 96,96, 36,06,
H=| : S (7.31)
PL 2L L
36,00, 0,00, 36,00,

The value of a correlation coefficient can vary from minus one to plus one. If there
is no relationship between the two variables, their correlation is zero. An important
choice in the parameterization of the NPs is the correlation among regions. Some

6. Here L is equal to £ = —InL, with L the likelihood.
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uncertainties, such as experimental effects, have one specific source and should be
correlated among all regions. More details about the correlation scheme across the
various NPs are given in the following Section.

7.5 Systematic uncertainties

The systematic uncertainties affecting the VH, H — bb analysis can be divided
into two main categories: experimental, and modelling uncertainties. The modelling
uncertainties are divided into normalization/acceptance uncertainties and shape
modelling uncertainties. In the following Sections these categories will be described
in more details.

7.5.1 Experimental systematic uncertainties

These uncertainties group together the uncertainties affecting the single objects
involved in the event, such as calibrations, reconstruction or identification efficien-
cies and the experimental setup, i.e. luminosity or pile-up uncertainties. These un-
certainties are mainly provided by external measurements. The control samples and
the methodologies used to extract these measurements have been briefly described
in Chapter 4. Overall, the experimental systematic uncertainties can be summarized
per object-type as follows:

Leptons: The lepton related uncertainties consider the calibration, both for en-
ergy scales and resolution, as well as the identification, reconstruction and isolation
efﬁciency as sources of systematic uncertainties. For muons, they are extracted as
described in Ref. [219]. For electrons, the calibration uncertainties are extracted as
described in Chapter 6, while the efficiency related variations are described in Ref.
[127]. The impact of lepton systematic uncertainties in the analysis is about 1% on
the signal strength.

Jets: The systematic uncertainties affecting the jet energy calibration are divided
into Jet energy Scale (JES) and Jet Energy Resolution (JER) uncertainties. A reduced
set of 23 decorrelated uncertainties is chosen for the JES, accounting for different
effects such as eta intercalibration, high-pr jets, pile-up, flavour composition, and
punch-through jets. The reduced set combines the variations in such a way as to
preserve correlations among the jet-kinematic regions. On the contrary, the JER is ex-
pressed by one single NP. These uncertainties are extracted as described in Section
4.4.1 and they represent the second source of experimental systematic uncertainty
after b-tagging, with an overall impact on the signal strength of 2-3%.

b-tagging: the uncertainties related to flavour tagging are applied as variations
to the "nominal" efficiency and inefficiency scale factors. A total of ~ 160 variations
should be counted. This number is drastically reduced thanks to the principal com-
ponent analysis described in Section 5.3.1. The actual number of NP used in the fit
is about 15, considering b-,c and light-flavours. The approximate size of the uncer-
tainty on the tagging efficiency is 2% for b-jets, 10% for c-jets and 30% for light-jets.
Overall the b-tagging uncertainties have a ~ 10% impact on the signal strength.

ERiss: The uncertainties on the energy calibration (8%) and resolution (2.5%) of
the so-called soft-terms described in Section 4.7 are considered as source of system-
atic uncertainty. Furthermore, the uncertainties on the lepton and jet energy scales
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are propagated in the EI* calculation.

Trigger: the trigger efficiency uncertainties affect both the single lepton triggers
and the ETSS triggers. There are proper trigger scale factors and systematics for the
OR of the lepton triggers used in the analysis. These trigger SFs are evaluated as
described in Ref. [220] for electrons and Ref. [221] for muons. The E?iss trigger vari-
ations are derived inside the VH, H — bb group using W(y, v)+jets. The uncertainty
is smaller than 1% for high-ERsS and ~ 3% for low-ER events.

Luminosity: the uncertainty on the integrated luminosity for the 2015-2017 pe-
riod is 2.0%. The procedure to derive this uncertainty is detailed in Ref. [120].

Pile-up: the nominal 4, distribution is normally scaled by 1.0/1.03 during
the pile-up reweighting correction. The uncertainty on this procedure is computed
changing the scaling by 1.0/1.00 or 1.0/1.18 to get the up and down variations re-
spectively. This follows the indications of the pile-up-reweighting working group,
described in Ref. [222].

7.5.2 Introduction to modelling uncertainties

Many Monte Carlo generators are currently available, with remarkable differ-
ences in terms of parton shower, hadronisation and decay models. Differences in
the final result can therefore arise just by changing the choice of MC generator. The
modelling uncertainties aim at quantifying these differences in terms of shape and
normalisation in the different regions, for the signal and each background process
separately. The modelling uncertainties are divided into normalisation/acceptance
uncertainties and shape uncertainties.

Normalisation uncertainties

The normalisation uncertainties are calculated as an overall uncertainty on the
yield of the process, which affects all the considered regions. These uncertainties
are calculated in the region of highest purity, which might be a control region, and
extrapolated to the other regions. Additional uncertainties are added to account for
this extrapolation.

Acceptance uncertainties

The acceptance uncertainties account for the possible change in the distribution
of events inside the phase space of the analysis, due to the choice of the generator.
This would result in a possible migration of events from one region to another, or
more in general, in a change in the ratio between the number of events across the
regions. In this case, to better preserve correlations, the priors on the Gaussian con-
straints applied to the NP are calculated as double-ratios:

Acceptance[Cat.” (nominal )] / Acceptance[Cat.” (alternativec)] 732)

Acceptance[Cat.? (nominalyc)] /  Acceptance[Cat.B (alternativepc)]
where category A (Cat.”) is the region with highest purity and B is the other region
under test. To extract the acceptance uncertainties, the samples are normalised to
the same cross section since these uncertainties are already accounted for by the
normalisation uncertainties.
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Shape uncertainties

The shape systematic uncertainties are calculated by evaluating the possible ef-
fects on the shape of the most important variables of the analysis when comparing
alternative MC samples. In particular, these uncertainties are computed at truth
level for the most discriminating variables (1, and p¥ ) of the BDT input variables,
across many alternative generators, including the one used as default. The choice
of using just my, and p¥ has been made in Run-1 since the uncertainties on these
two variables are sufficiently large to cover the shape uncertainties of the other BDT
input variables. In order to reduce the impact of statistical fluctuations, the maxi-
mum difference between the nominal and alternative generator is fitted with a par-
ticular function, which can vary across the channels and jet regions, and the fitted
shape is taken as uncertainty in the fit. In some specific cases, where no suitable fit
function can be found, the difference between the smoothed histograms is taken as
uncertainty. Before computing the fit, the distributions are normalised to the same
area since the acceptance uncertainties are already considered separately. Examples
of the my, and pY. shape uncertainties evaluation for W+jets events in the 1 lepton
channel are presented in Figure 7.9.
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FIGURE 7.9 — The my;, shape variation for W+jets events in 1 lepton channel 3-jet SR+CRs
a) and the transverse momentum of the W p!V for the 1 lepton channel 3-jet SR+CR b).
The blue dots in the lower panel represent the ratio of MADGRAPH to SHERPA and the
orange line corresponds to a linear fit of this ratio. The m,;, and pY shape variations
derived for the 2017 round of the analysis with 36 fb~! are overlaid on the ratio. They
were found to be compatible to the new linear fit and therefore kept unchanged for the
2018 analysis.

7.5.3 Signal uncertainties

The VH, H — bb processes are mainly affected by uncertainties on the H — bb
branching ratio, the NNLO(QCD)+NLO(EW) cross section calculation, or by accep-
tance and shape differences coming from different MC modellings. Their specific
implementation in the fit is defined as follows:
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cross section uncertainties: they account for the uncertainty on the predicted
VH production cross section and the H — bb BR, as well as for higher order elec-
troweak effects not considered in the NLO(EW) calculation. They are implemented
as overall normalisation uncertainties, following the recommendations of the LHC
Higgs working group [48] [223]. One single uncertainty is defined for the H — bb
BR (ATLAS_BR_bb), while for the production cross section, QCD and PDF+-a; scale
uncertainties are considered separately, distinguishing between g9 — VH and gg —
ZH processes (ATLAS_QCDscale_VH, ATLAS_QCDscale_ggZH, ATLAS_pdf_Higgs_VH
and ATLAS_pdf_Higgs_ggZH).

PS and UE variations: The parton shower and underlying event modelling can
be considerably different across the different generators. To quantify these differ-
ences the nominal generator (POWHEG + PYTHIA 8) is compared to the alternative
generators described in Section 7.1.1. The UE variations are computed from the dif-
ference between a MADGRAPH 5_aMC@NLO+PYTHIA 8 sample produced with the
A14 tune, and alternative samples produced with the nominal generator but differ-
ent settings of the A14 tune. The PS uncertainty is obtained comparing the nominal
generator with the POWHEG + HERWIG 7 alternative sample. Acceptance and shape
uncertainties are considered separately.

The acceptance variations have been evaluated for 2-jet (ATLAS_UEPS_VH_hbb) and
propagated to the 3-jet category with a double ratio technique as described above
(ATLAS_UEPS_VH_hbb_32JR). The final PS/UE uncertainty is calculated taking the en-
velope between the UE and PS uncertainties. The UE uncertainty is obtained sum-
ming in quadrature the uncertainties of all the considered UE tunes, taking the ab-
solute maximum variation (up or down) for each tune. These uncertainties are used
for all the VH processes, both ¢¢ and gq initiated, fully correlating them across the
V H processes.

The shape variations for the A14 tune are obtained comparing the baseline MAD-
GRAPH 5_AMC@NLO+PYTHIA 8 with each tune variation and fitting the ratio with
a linear function for p¥ and a second order polynomial for my;. For pY. the PS shape
differences were found smaller than the UE ones (obtained varying the A14 tunes),
therefore no pY. PS shape uncertainty is assigned. On the contrary, for my, the high-
est deviation comes from the PS model comparison. No fit has been performed, but
smoothed histograms have been used to quantify these differences. The largest de-
viation was used as the 11y, PS shape uncertainty (ATLAS_UEPS_VH_hbb_MBB). The p¥.
and my;, shape uncertainties are considered as correlated among the VH processes.

Scale variations: These uncertainties account for the yr (renormalisation scale)
and pur (factorisation scale) variations described in Section 2.4.1.
The nominal POWHEG + PYTHIA 8 sample is compared to alternative samples gen-
erated with varied factorisation and renormalisation scales. As in the previous case,
acceptance and shape effects are considered separately. The acceptance systematics
are evaluated taking the envelope of all scale choices separately for each jet category
and channel (QCDscale_VH_ANA_hbb_J2, QCDscale_VH_ANA_hbb_J3). The final uncer-
tainty is determined using the Stewart-Tackmann correlation scheme [224], with an
additional uncertainty added to the 0- and 1-lepton channels to account for the fact
that the events with more than three jets are vetoed (QCDscale_VH_ANA_hbb_JVeto).
The shape uncertainties are calculated in pY and m;, (QCDscale_VH_ANA_hbb_VPT
and QCDscale_VH_ANA_hbb_MBB) fitting the ratio of the baseline prediction and each
scale variation with a linear fit and a second order polynomial respectively. The p¥
shapes are very similar across all regions, therefore only the largest variation was
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Signal
Cross section (scale) 0.7% (qq), 27% (g9)
Cross section (PDF) 1.9% (q¢ -+ WH), 1.6% (qq = ZH), 5% (g9)
H — bb branching ratio 1.7 %
Acceptance from scale variations (var.) 2.5 — 8.8%
Acceptance from PS/UE var. for 2 or more jets 2.9 - 6.2% (depending on lepton channel)
Acceptance from PS/UE var. for 3 jets 1.8 -11%
Acceptance from PDF+ag var. 0.5 1.3%
Mpp, p¥, from scale var.
My, P, from PS/UE var.
Mpp, p¥, from PDF+ag var.
p}l: from NLO EW correction

0 n n n

TABLE 7.10 — Summary of the systematic uncertainties in the modelling for the VH —
bb signal. An 'S’ symbol is used when only a shape uncertainty is assessed. The pro-
cesses for which the normalisations float independently are listed in brackets. Where
the size of an acceptance systematic uncertainty varies between regions, a range is dis-
played [205].

considered and correlated across all channels.

PDF + a5 uncertainties: changes in shape and acceptance are expected when

varying the parton distribution function or the QCD coupling strength a; value. The
PDF dependence is evaluated by comparing the nominal samples with alternative
samples generated with variations from the PDFALHC15_30 PDF set [225]. The to-
tal PDF component of the acceptance uncertainty was derived taking the sum in
quadrature of all the considered variations with altered PDF uncertainties. Only one
uncertainty to 2-jet and 3-jet channels is considered. On the contrary, the a; compo-
nent was taken as the average of the variations coming from samples with altered a;.
The total acceptance uncertainty (pdf _HIGGS_VH_ANA_hbb) is obtained adding these
two components in quadrature.
The shape uncertainties are obtained as for the other shape uncertainties, fitting the
deviation between the nominal and the alternative generators in p¥ and m;;, with
a linear fit and a second order polynomial respectively. Both PDF and a; vari-
ations have a negligible effect on my,, so no my, shape uncertainty is assigned.
In pY the shapes have been evaluated separately in the 2-jet and 3-jet categories
(pdf _HIGGS_VH_ANA_hbb_PTV). One single variation is used for all the channels, de-
fined as the largest variation across them.

A summary of the systematic uncertainties affecting the V H signal is presented
in Table 7.10.

7.5.4 Background uncertainties

The modelling uncertainties are studied independently for each background pro-
cess. A summary of the diboson-related uncertainties is presented in Table 7.13,
while the values adopted for the main backgrounds tf, W+jets and single-top are
summarised in Table 7.14. The methods used to obtain these uncertainties are briefly
summarised here:

W+jet: the W+HF is the dominant background in the 1-lepton channel. A sepa-
rate floating normalisation is adopted for 2-jet (norm_Wbb_J2) and 3-jet (norm_Wbb_J3)
regions, heavily constrained by the dedicated 1-lepton W+HF control region. A com-
mon uncertainty (SysWbbNorm_DWhfCR_L1) of 10% on the relative yields in SR and CR
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is assigned to both the 2 and 3-jet signal regions in 1-lepton. The W+HF normalisa-
tion is obtained in the 1-lepton channel and extrapolated to the 0-lepton channel. An
additional common uncertainty of 5% on the ratio of the O-lepton and 1-lepton yields
is assigned to the 2-jet and 3-jet O-lepton regions (SysWbbNorm_LO) to account for this
extrapolation. A flavour composition uncertainty, implemented as ratio between the
bc (SysWbcWbbRatio), bl (SysWblWbbRatio) and cc (SysWccWbbRatio) yields relative
to the bb component, is added to account for the uncertainty on the W+jet compo-
sition. The W+] and W+cl backgrounds are strongly suppressed and they represent
less than 1% of the total background. Thus, single normalisations uncertainties are
applied (SysWlNorm and SysWclNorm respectively) individually correlated across all
regions.

The my, and p¥ shape uncertainties have been determined comparing the different
generators described in Section 7.1.2 and fitting their difference with a straight line.
For both p¥ and my, the highest effect is between the MADGRAPH and SHERPA 2.2.1
predictions. The systematic uncertainties have the same direction and order of mag-
nitude in all channels and categories, therefore the highest uncertainty was chosen
and used in all channels/regions fully correlated. For pY. the highest value is in the
1-lepton 3-jet region (SysWPtV), while for my;, the one in the 1-lepton 2-jet region has
been adopted as default uncertainty (SysWMbb).

Z+jet: the Z+HF background is the dominant contribution in 0- and 2-lepton

channels. A floating normalisation is adopted for the Z+HF process, separately
for the 2-jet and 3-jet regions (norm_Zbb_J2, norm_Zbb_J3). This parameter is con-
strained in the 2-lepton channel SR, which has the highest Z+HF purity and extrapo-
lated to the O-lepton channel. An additional NP in the O-lepton region is introduced
to cover this extrapolation using a 0-to-2-lepton region ratio of the yields as addi-
tional uncertainty (SysZbbNorm_OL). The uncertainty has been computed looking at
the p¥ > 150 GeV region only. Additional uncertainties on the flavour composi-
tion (bb, bc, bl and cc) of the Z+HF background are implemented as normalisation
uncertainties, relative to the bb component (SysZbcZbbRatio, SysZblZbbRatio and
SysZccZbbRatio). A single normalisation uncertainty is applied to the Z+1 and Z+cl
backgrounds (SysZ1Norm and SysZclNorm) for the 2-jet and 3-jet regions since their
contribution is less than 1% of the total background.
The Z+jets shape uncertainties are studied only in the 2 lepton channel. A con-
trol region enriched in Z+jet is defined in data. A MET significance cut lower than
3.5 is applied to disentangle Z+jets from the tf background. The assumption is
that in this control region the observed data MC differences are only due to mod-
elling uncertainties in the Z+jets samples. The residual background is then sub-
tracted in data and the Z+jet background is scaled to data. The estimation has been
performed in the 2-tag category, restricted to the 110 GeV < my, < 140 GeV re-
gion. Both p% (ZPtV) and my,;, (ZMbb) shape uncertainties are derived by fitting the
data/MC difference in this Z+jet enriched region with particular functions: for pZ%
it is +0.21og 10(p¥ /50 GeV), while for mj; it is +0.0005 x (mj; — 100 GeV). These
functions have been defined in Run-1 and tested in the Run-2 analysis to confirm
that they still provide a resonable estimate. These uncertainties are applied also to
the 0 lepton channel, fully correlated with the 2-lepton uncertainty.

Top pair production: the tf background contaminates all the three channels. The
overall normalisation of the tf background is a free floating parameter of the fit, with
no priors. The alternative generators used to simulate ¢f events and their role in the
evaluation of the systematic uncertainties are summarized in Table 7.11.
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As described in Section 7.5.2, the acceptance uncertainties are calculated using dou-
ble ratios between analysis regions. In the O-lepton and 1-lepton channels, the 3-to-2
jet uncertainty (SysttbarNorm_J2) is defined as the ratio of the 3 jet region of the
0+1-lepton channel and the 2-jet region of the 0+1 lepton channel. A common un-
certainty is assigned for the 3-to-2 jet variations in 0- and 1-lepton channel since
it demonstrated a similar behaviour and order of magnitude in both channels. Fur-
thermore, a 1-to-0-lepton uncertainty (SysttbarNorm_LO0) is defined as the ratio of the
2+3-jet regions in 1-lepton channel and the 2+3-jet regions in the 0-lepton channel.
Finally, in the 1-lepton channel a SR-to-CR uncertainty (SysttbarNorm_DWhfCR_L1)
is determined by the ratio of the SR and the 1-lepton W+HF CR yields, with the
SR acting as the purer region in tf. In the 2-lepton channel, floating normalisation
factors have been implemented in the 2j (norm_ttbar_J2_L2) and the 3-jet regions
(norm_ttbar_J3_L2) regions, exploiting the dedicated top ey CR.

Generator Setup Details Systematic Effect
POWHEG +PYTHIA 8 Al4 tune nominal sample
NNPDE30NLO & NNPDF23LO
hdamp = 1.5 - myp
nonallhad filter
POWHEG +PYTHIA 8 nominal setup low variation for additional radiation

scale variations low (g = pr = 2)
hdamp = 1.5 - myp
Up variation of A14 tune (Var3c)
nonallhad filter

POWHEG +PYTHIA 8 nominal setup high variation for additional radiation
scale variations high (ug = ur = 0.5)
hdamp = 3.0 - Xmyop
Down variation of A14 tune (Var3c)
nonallhad filter

POWHEG +HERWIG 7 H7UE tune fragmentation/hadronisation model
CT10 & MMHT20141068cl
hdamp=175.2GeV
nonallhad filter

MADGRAPH 5_aMC@NLO+PYTHIA 8  Al4 tune hard scatter generation and matching

NNPDF30NLO & NNPDF23LO
nonallhad filter

TABLE 7.11 — tf MC samples generated for the estimate of systematic uncertainties.

In the 2-lepton channel the shape differences in m;;, and py. are fitted with a linear
slope (TTbarMBB_L2 and TTbarPTV_L2) and the difference with the nominal is prop-
agated to the analysis through a reweighting procedure. The same procedure has
been applied to the O-lepton and 1-lepton channels. In this case the 11, shape differ-
ences (TTbarMBB) have been fitted with an exponential function, wile a linear shape
has been used for p¥ (TTbarPTV). The 1-lepton uncertainties have been used for the
0-lepton channel as well, due to the limited tf statistics passing the 0-lepton chan-
nel selection. Both magnitude and sign of the shape variations are very consistent
between the 2 and 3-jet regions, therefore the NPs are fully correlated across these
regions.

Single-top: the single-top normalisation uncertainties are derived following the
recommendations given by the LHC top working group for each of the single-top
processes. These normalisation uncertainties are obtained summing in quadrature
the scale variations due to renormalisation and factorisation, the uncertainties on «g
and the PDF uncertainties. An overall normalisation uncertainty of 4.4%, 4.6% and
6.2% is obtained for the t- (stoptNorm), s- (stopsNorm) and Wt-channel (stopWtNorm)
respectively.
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The single-top modelling uncertainties are estimated comparing the alternative sam-
ples described in Section 7.1.2, with a procedure similar to what used for the tf
modelling uncertainties. A summary of the single-top MC samples and their re-
lation with the estimate of the systematic uncertainties is presented in Table 7.12.
The single-top production has a negligible contribution in the 0- and 2-lepton chan-
nels, therefore both acceptance and shape systematic uncertainties are derived only
in the 1-lepton channel, and only for the t and Wt processes, and applied to the other
channels fully correlating them.

Generator Setup Details Systematic Effect
POWHEG +PYTHIA 6 nominal setup low variation for additional radiation
scale variations low (ug = pr = 2)
low radiation PERUGIA2012 tune variation
POWHEG +PYTHIA 6 nominal setup high variation for additional radiation
scale variations high (ug = pr = 0.5)
high radiation PERUGIA2012 tune variation
POWHEG +PYTHIA 6 Wt-channel nominal setup alternative ME calculation scheme
‘diagram subtraction” scheme
setup in the POWHEG ME calculation
POWHEG +HERWIG ++ nominal setup alternative PS
parton showering with HERWIG ++
CTEQ6L1-UE-EE-5 tune for PS
MADGRAPH 5_aMC@NLO+HERWIG ++ alternative setup alternative ME
ME with MADGRAPH 5_aMC@NLO
CT10f4 PDF in ME

TABLE 7.12 — Single-top MC samples generated for the estimate of systematic uncer-
tainties.

For the acceptance, separate normalisation uncertainties for the 2-jet and 3-jet re-
gions in the Wt (stopWtbbAcc, stopWtothAcc) and t-channel (stoptAcc) are calcu-
lated. These two uncertainties are fully correlated in the fit since they vary in the
same direction for each of the different alternative samples in both the 2-jet and 3-jet
regions.

The shape uncertainties for the stop-t (StoptPTV and StoptMBB) and stop-Wt chan-
nels (StopWtPTV and StopWtMBB) are derived by fitting a linear slope through the
largest variation of the p¥ and my,, distributions, and symmetrysing the result.

Diboson: The definition of the modelling systematic uncertainties follows the
scheme of the VH signal uncertainties described in the previous Section. Three cross
section uncertainties (SysWWNorm, SysWZNorm, SysZZNorm)are obtained considering
the effect of scale variations in the SHERPA simulated samples and the difference be-
tween SHERPA and POWHEG. In fact, for the pp — Z(— qq) + Z(— ¢{) process
POWHEG generates event including the non-resonant ZZ diagrams, while SHERPA
does not include them. This results in a remarkable difference between the two gen-
erators above 100 GeV, as seen in Figure 7.10.

The acceptance uncertainties are computed separately for scale variations and
PS/UE sources. The total PS/UE variations (SysVZ_UEPS_Acc) are computed as in
the V H signal case, by summing in quadrature the maximum of each PS tune varia-
tion and taking the envelope of this sum and the parton shower model variations as
total uncertainty. The effect is calculated in the 2-jet region and an additional vari-
able is added (SysVZ_UEPS_32JR) to account for the uncertainty on the ratio of the
yields between the two regions. The residual effect of the uncertainties on the nor-
malisation across different analysis regions are taken into account as double ratios:
a first for WZ (SysWZNorm_LO) accounting for the uncertainties in the 0-lepton versus
1-lepton events, while the second for the ZZ process (SysZZNorm_LO) to account for
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FIGURE 7.10 — Example shape variations from SHERPA versus POWHEG in the m;, vari-
able, shown for the 1-lepton 2-jet (left) and 3-jet (right) selections, approximated by tanh
and capped 3rd-degree polynomial functions respectively. The ICHEP” fit corresponds
to the fit derived for this round of the analysis with 80 fb~!.

the difference between 0-lepton and 2-lepton events.

The UE/PS shape uncertainties are obtained comparing the pY. (SysVZ_UEPS_VPT)
and my, (SysVZ_UEPS_MBB) distributions of the nominal SHERPA sample with the al-
ternative samples described in Section 7.1.2, separately for scale variations, PS/UE
and PDF/ a; variations. No p¥ distribution from the PS/UE variations was assigned,
while the my, PS/UE distribution was taken from a binned smoothed histogram
comparing PYTHIA 8 and HERWIG ++. No shape variations are considered for the
WW process, due to its small contribution to the overall background yield (<1%). A
summary of the aforementioned VZ uncertainties is presented in Table 7.13.

The renormalisation and factorisation scale uncertainties are computed reweighting
the SHERPA 2.2.1 doubling and halving the renormalisation scale (2ur and 0.5uR)
and doubling and halving the factorisation scale (2 r and 0.5pr). The acceptance
uncertainties arising from the changes in g and yr are computed using the Stewart-
Tackman method. This method leads to three independent nuisance parameters: one
for the overall acceptance (SysVZ_QCDscale_J2) calculated in the 2-jet region, one
for the relative migration between 2 and 3 jets (SysVZ_QCDscale_J3) and the third
due to the veto of events with more than 3-jet in the 0-lepton and 1-lepton channels
(SysVZ_QCDscale_JVeto).

For the g and yir effects on the shape variations, in p¥. (SysVZ_QCDscale_VPT) the

variations are compatible with the MC statistical uncertainties of the nominal sam-
ples, as well as for the my,;, distribution (SysVZ_QCDscale_MBB) in the 2-jet channel.
Therefore no additional NPs are added in these regions.
Finally, a shape-only NP is added to account for the very different modelling of
the extra jet radiation between SHERPA and Pohweg. No significant difference was
found in pY. For my, this difference has been assessed fitting the 2-jet and 3-jet re-
gions with a hyperbolic tangent and a third degree polynomial respectively. No
additional variations are added for the PDF and &, uncertainties since they were
found to be negligible.
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A

Normalisation 20%

0-to-2 lepton ratio 6%

Acceptance from scale variations (var.) 10 — 18%

Acceptance from PS/UE var. for 2 or more jets 6%

Acceptance from PS/UE var. for 3 jets 7% (0-lepton), 3% (2-lepton)

My, p‘TI , from scale var. S (correlated with W Z uncertainties)

mys, Py, from PS/UE var. S (correlated with W Z uncertainties)

mypyp, 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%

Acceptance from PS/UE var. for 2 or more jets 4%

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

M, p‘T,, from scale var. S (correlated with ZZ uncertainties)

My, Py, from PS/UE var. S (correlated with ZZ uncertainties)

My, from matrix-element var. S (correlated with ZZ uncertainties)
WW

Normalisation | 25%

TABLE 7.13 — Summary of the systematic uncertainties in the background modelling for
the VZ processes. An 'S’ symbol is used when only a shape uncertainty is assessed. The
regions for which the normalisations float independently are listed in brackets. Where
the size of an acceptance systematic uncertainty varies between regions, a range is dis-
played.

Multi-jet: The contribution of this background has a negligible impact in the 0-
and 2-lepton channels, therefore dedicated systematic uncertainties are added only
in the 1-lepton case. Many sources of systematic uncertainties are considered (sepa-
rately for 2-jet and 3-jet categories and for electron and muon sub-channels) as pos-
sibly impacting the final multi-jet BDT distribution, both in terms of normalisation
and shape. The uncertainties are obtained considering the following variations:

- Use the lowest pr lepton trigger, instead of the combination mentioned in
Section 7.2, to quantify the impact of the trigger choice.

- The impact of the extrapolation from the inverted isolation region is eval-
uated by tightening the isolation requirement to define a reduced inverted-
isolation region. This reduced inverted-isolation region targets events close to
the signal region, thus with a lower extrapolation uncertainty. The shape dif-
ference in the total inverted-isolation region and this reduced-region is taken
as uncertainty.

- The impact of the electroweak backgrounds normalisation factors is taken
into account by calculating the MJ template shape with and without these
normalisation factors and quoting the difference as a systematic uncertainty.

The shape uncertainties are obtained normalising the template distributions to the
nominal MJ yield. These uncertainties are considered uncorrelated between the elec-
tron and muon sub-channels and are evaluated directly on the BD Ty shape.

The normalisation uncertainties are obtained looking directly at the changes in the
m¥ template distributions and extrapolated using the relative yield in the signal
and W+HF control regions. A single normalisation uncertainty is obtained for each
sub-channel and jet category summing in quadrature the above-mentioned contri-
butions and including two more variations: a template fit without the ET* cut in the
electron mode and two fits using alternative distributions instead of mY (A¢(¢, bb)
in 2-jet and A¢(¢,bbj) in 3-jet). The normalisation uncertainties are uncorrelated
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between the two sub-channels and for the 2-jet and 3-jet regions.

7.5.5 Smoothing of the systematic uncertainties

Statistical fluctuations can lead to artificially large and irregular shape variations
that could easily produce over constraints in the fit. To prevent this, a smoothing
procedure has been adopted. The relative effect of the systematic uncertainty is iter-
atively ‘re-binned’ until the statistical uncertainty in each of the merged bins, calcu-
lated in the nominal template, is smaller than 5%. The new value of the uncertainty
is then used as the associated uncertainty for all the nominal bins in the set.

7.5.6 Pruning of the systematic uncertainties

Several uncertainties described in this Section have a negligible impact on the
distributions entering in the fit. In order to ease the convergence of the fit and reduce
the computation time, a "pruning" procedure is applied:

- Systematic uncertainties inducing a normalisation effect smaller than 0.5%,
or with both up and down variations having the same sign are neglected.
- Shape uncertainties are neglected if none of the bins in the distribution has
a deviation over 0.5% after the overall normalisation or if only the up or the
down variation is non-zero and passed the previous pruning steps.
- In case of very small background processes, both the shape and normalisa-
tion uncertainties are neglected in different ways depending if the region is
a sensitive region (where the signal is more than 2% of the total) or not. In
the sensitive regions the uncertainties are pruned only if the sample yield is
less than 2% of the signal, while for non-sensitive regions the uncertainties are
pruned if they have an impact lower than 0.5% of the total background.
The pruning is applied independently for each systematic uncertainty, for each tem-
plate process and in each analysis region. The procedure has been largely tested in
Run-1 and cross-checked for the 80 fb~! publication. The effect introduced by the
pruning procedure has been quantified to be below 1%.

7.6 BTagging studies

Several studies related to the implementation of the b-tagging algorithms in the
VH,H — bb analysis have been carried for the 80 b1 publication. For time reasons,
some of them have not been adopted in the final analysis strategy, and they are
shown here as preliminary. These studies have been optimised later, towards the full
Run-2 publication with 140 fb~! of data. A detailed description of the improvements
is presented in the next Chapter.

7.6.1 MV2c10 vs DL1 studies

As described in Section 5.2.3, there are several high level taggers available in
Run-2. The DL1 tagger is expected to have better performance in terms of c- and
light-jet rejection compared to MV2c10, and the IP RNN based taggers are expected
to have better performance with respect to the IPxD based variants. All these taggers
have been tested in the analysis to select the one to use by default. The tagger has
been chosen as the one maximising the expected significance based on a fit to the
Asimov dataset. The study has been performed only in the O-lepton and 1-lepton
channel for simplicity and considering full truth tagged samples. Since this was a
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Z + jets
7 4+ 1l normalisation 18%
Z + ¢l normalisation 23%
Z + HF normalisation Floating (2-jet, 3-jet)
7 + be-to-Z + bb ratio 30 — 40%
7 + cc-to-Z + bb ratio 13 - 15%
Z + bl-to-Z + bb ratio 20 — 25%
0-to-2 lepton ratio %
Mpb, P%‘ S

W + jets
W + Il normalisation 32%
W + ¢l normalisation 37%

W + HF normalisation
W 4+ bl-to-W 4 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
"/'

Mppy 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)

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

W + HF CR to SR ratio

v
Mph, PT

Floating (0+1-lepton, 2-lepton 2-jet, 2-lepton 3-jet)

8%
9% (0+1-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), 55% (Wt(bb)), 24% (Wt(other))
20% (t-channel), 51% (Wt(bb)), 21% (Wi(other))

My, PY S (t-channel, Wt(bb), Wt(other))
Multi-jet (1-lepton)
Normalisation 60 — 100% (2-jet), 90 — 140% (3-jet)

BDT template

S

TABLE 7.14 — 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. Where the size of an acceptance systematic
uncertainty varies between regions, a range is displayed.
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preliminary study, it has been performed on 36 fb~! only. Furthermore, the maps
used for truth tagging were not the ones used in the final 2018 publication, but the
difference is expected to be small. No b-tagging scale factors for DL1 were available
at the time when this study was performed, so they have been ignored for both tag-
ger families.

The full analysis chain is repeated for each b-tagger and working point: the final
BDT discriminant is retrained, to avoid biases in the results in favour of the MV2c10
70% scenario, the usual overtraining checks are performed, and the new BDT is
used to build the histograms for the final fit. Finally, the expected 0-lepton and
1-lepton channel significances are computed separately. The BDT settings are kept
as described in Section 7.3.2. The O-lepton channel results for a fit on Asimov with
only the statistical uncertainties are shown in Table 7.15: the 60% and 85% operat-
ing points are disfavoured, because of the small signal acceptance (60% WP) or the
higher contamination from c- and light-jet entering in the signal region (85% WP),
despite improved rejection thanks to the use of the SMT and RNNIP algorithms.
The 70% and 77% operating points have similar significances, perhaps a bit better
for 77%, which profits of a small gain in signal acceptance without the high level of
c- and light-jet background contamination observed for the 85% WP. The best result
can be achieved with the DL1rnn at 77% WP, with an overall ~ 3% gain with respect
to the nominal MV2c10 at 70% WP.

tagger | 60% WP | 70% WP | 77% WP | 85% WP
MV2c10 2.54 2.80 2.79 2.47
MV2cl0mu | 253 2.76 2.77 2.55
MV2c10rnn | 2.53 2.81 2.86 2.61
DL1 2.61 2.84 2.84 252
DL1mu 2.61 2.84 2.88 2.57
DL1rnn 2.61 2.87 2.89 2.60

TABLE 7.15 — Significance of the O-lepton channel fits to Asimov for different taggers
and working points using 36.1 fb~! of data. Only statistical uncertainties are included
in the fit. Caveats: full truth tagging is used for all the sample and no b-tagging scale
factors are applied. The rnn version also includes the SMT.

The same procedure has been applied to the 1-lepton channel and the results are
shown in Table 7.16. The same considerations as the O-lepton channel case can be
drawn for the 60% and 85% operating points. The 70% operating point is slightly fa-
vored with respect to the 77%, because the increase in signal acceptance is hidden by
the higher level of W+HF background contamination entering in the signal regions.
An overall 4% gain in significance can be observed when passing from MV2c10 to
DL1rnn at 70% operating point.

In general, the IP RNN variants provide the best significance when comparing
the same operating point, but the gain is limited to a few per cent. Furthermore,
DL1 is marginally better than MV2c10 for the same WP, but again with small im-
provements (~ 2%) in both channels. This preliminary study showed a marginal
gain when testing the newly available tagger variations. Since the majority of the
modelling systematic uncertainties have been evaluated using the nominal MV2c10
at 70% efficiency and the b-tagging efficiency scale factors were not available for
the alternative (XX_rnn) taggers, additional work would have been necessary to re-
evaluate these uncertainties with the new tagger choice. Therefore it was decided to
conservatively keep the nominal MV2c10 at 70% operating point as default.
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tagger | 60% WP | 70% WP | 77% WP | 85% WP
MV2c10 251 258 249 2.15
MV2c10mu | 2.54 2.57 248 2.22
MV2cl0rnn | 251 2.62 2.59 2.30
DL1 2.58 2.63 2.54 2.19
DL1mu 2.62 2.64 2.60 2.24
DLlrnn 2.60 2.68 261 2.7

TABLE 7.16 — Significance of the 1-lepton channel fits to Asimov for different taggers
and working points using 36.1 fb~! of data. Only statistical uncertainties are included
in the fit. Caveats: full truth tagging is used for all the sample and no b-tagging scale
factors are applied.

7.6.2 Statistical tagging

As described in Section 5.4, some samples can profit from an alternative method
to perform b-tagging, based on statistical reweighting. This alternative b-tagging
strategy significantly increases the statistical precision of the MC templates, since
no MC event is discarded. This is highly beneficial to the VH, H — bb analysis
when considering that the largest uncertainty of the last published result was the
MC statistics [187]. This reduction in the MC statistical error can be seen in Figure
7.11, where WI, Wcl and Wece processes in the 1-lepton 2-tag 2-jet signal region are
compared for direct tagging (black) and statistical tagging (red), also referred to as
"truth" tagging.

For the Vbb, Vbe, Vbl and tt samples a non closure between the direct and truth
tagged distributions is observed, with statistically significant differences in both nor-
malisation and shape, as shown in Figure 7.12. This difference is not completely
understood, but it is partially due to the efficiency maps, which have been found to
be sub-optimal for the VH, H — bb analysis, as discussed in Chapter 5. Given this
non-closure, all MC samples are direct tagged, except for the c-hadron and light-jet
filtered V+jet samples and WW samples, where the large statistical error of the direct
tagged distributions makes the two approaches to be within the statistical uncertain-
ties of each other.

The V+jet samples with no b-hadrons in the final state are approximately 12%
(13%) of the total W+jets background in the 1-lepton 2-tag 2-jet (3-jet) region, there-
fore any systematic bias introduced by this non-closure on the analysis is highly
suppressed. Furthermore, as described in Section 7.5, a large modelling uncertainty
is assigned to the Vcc, Vel and VI backgrounds in the likelihood fit. More specif-
ically, the normalisation nuisance parameter priors are 37% for o(V + cl) and 32%
for o(V +1), so any additional non-closure effect is absorbed by these NP. Overall,
the use of truth tagging - even if limited to the VI, Vcl and Vcc samples - allowed
for a reduction between 1.5 and 2.3 times the MC statistical error on W+jet and Z+jet
in the 2-jet region depending on the channel. Table 7.17 summarizes yields and sta-
tistical errors for the V+jet contributions that have been direct tagged in the 80 fb~!
analysis. Table 7.18 shows the V+jet which have been truth tagged, with the gain in
terms of MC statistical error compared to the direct tagging case.

7.6.3 Hybrid tagging

For the reasons explained above, the truth tagging is currently applied only to
V +cc, V+cland V + [ samples, even if also other samples contain a large fraction
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Process Dl‘rect tagging
yield [ error
0-lepton

Zbb | 2949.96 | 23.04
Zbc 161.73 | 6.21
Zbl 134.39 | 6.43
1-lepton
Wbb | 1586.52 | 15.82
Whbc 247.86 | 7.28
Wbl 128.02 | 5.86
2-lepton
Zbb 974.39 | 6.88
Zbc 50.96 | 2.04
Zbl 3894 | 1.97

TABLE 7.17 — Yields and associated statistical uncertainties of the V+jet direct tagged
processes in the analysis in 0-, 1- and 2-lepton channels.

Direct tagging | Truth tagging

Process yield [ error | yield [ error

0-lepton
Zcc 100.11 | 894 | 132.03 | 0.93
Zcl 48.88 | 7.70 | 41.78 | 0.12
Z1 19.77 | 6.64 | 1534 | 0.03
1-lepton
Wee | 117.89 | 13.24 | 17345 | 1.55
Wl 146.7 | 1694 | 125.78 | 0.30
W1 9.65 | 11.33 | 29.62 | 0.04
2-lepton
Zcc 37.01 | 398 | 34.78 | 0.36
Zcl 9.78 292 | 10.64 | 0.04
Z1 5.94 425 364 | 0.01

TABLE 7.18 — Yields and associated statistical uncertainties of the V+jet truth tagged
processes in 0-, 1- and 2-lepton channels. The left column contains the yields in case of
direct tagging, while the right column contains the final yields with truth tagging.
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of c- and light-jets. A new "hybrid" tagging strategy, which optimizes the use of
direct tagging and statistical tagging in the analysis, has been developed and tested
with preliminary results for the 80 fb~! analysis. In the hybrid approach the choice
of truth tagged and direct tagged jets is done on an event basis, in this way also bc
and bl events can profit of the advantages of the statistical reweighting, even if they
contain b-jets. In practice, the hybrid tagging strategy can be summarised in the
following steps:

- Divide the jets of each event in two groups, depending on the truth tag flavour:
a group with only true b-jets and the other with non b-jets.

- All b+jets in the first group are direct tagged.

- The remaining group of c- and light-jets is truth tagged imposing a number of
tagged jets proportional to the difference between the number of required jets
in the signal region and the number of true b-jets in the first group passing
the b-tag requirement.

The new strategy can be better explained with an example:

jetindex | flavour type | b-tagging scores
1 b 0.99
2 b 0.74
3 c 0.24
4 c 0.16
5 light 0.07

This is a 5-jet event, with 2-b jets with b-tagging scores above and below the 70%
working point threshold (0.8244 according to Table 5.5), and 3 c- or light-flavour jets.
Just the first b-jet passes the b-tagging requirement when applying direct tagging to
the b-jet group. Therefore, one extra jet is needed to make the event enter the signal
region (2-tag). This extra jet is taken by applying truth tagging to the non-b-tagged
group and configuring the truth tagging to have exactly one truth tagged jet. In the
example, the 3rd jet has the highest probability to be chosen as the truth tagged jet.
Thus, the event will be identified as a bc event entering in the signal region with a
b-tagging event weight calculated as the product of the b-jet flavour tagging SFs and
the truth-tagging weight (described in Section 5.4).

By construction, perfect closure is expected between hybrid and direct tagging
in case of 2-jet bb events, while improvements in the MC statistics are foreseen for bc
and bl events. No change is expected for the "historically" truth tagged samples VI,
Vec and VI, which do not contain b-jets and therefore only truth tagging is applied.
Figure 7.13 shows a comparison between hybrid (blue), truth (red) and direct (black)
tagging strategies in bb, bc and bl samples. A reduction of 9.9% and 7.7% in the
relative MC statistical uncertainty is observed in the 2-jet and 3-jet signal regions
respectively. Due to non closure problems in the efficiency maps, mentioned in the
previous Section, biases in the bc and bl yields of the V+jets (i.e. 12% in Wbc and 25%
in Zbc in the 1-lepton channel) arise comparing hybrid and direct tagging. Thus, the
method has not been used for the official publication. New improvements, ensuring
better closure between the two methods will be discussed in the next Chapter.
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7.7 Fit Results

The following Section focuses on the results of the official VH, H — bb analysis
with 80 fb~! of ATLAS data [205].

7.7.1 Post-fit plots

After the event selection described in Section 7.2, around 130 Higgs candidates
are expected for both the 0- and 1-lepton channels in the 2-tag 2-jet regions, while the
expected number of background events varies between 8 000 in the O-lepton channel
to 12000 in the 1-lepton channel. In the 2-lepton channel the signal to background
ratio is much smaller, due to both Z+jet and t¢, a total of 1600 (10000) background
events are expected in the 2-jet region with p¥ > 150 GeV (75 < p¥ < 150 GeV),
compared to ~ 30 (50) signal events expected. The signal to background ratio is
smaller in the 3-jet categories. Table 7.19 summarises the contribution of each back-
ground to the total expected yield in simulation, compared to the total number of
selected data events.

Figure 7.14, 7.15 and 7.16 show the distribution of the BDT output in data and
simulation for the different lepton channels and analysis categories, when applying
the normalisation factors extracted from the simultaneous fit. The tf CR are shown
in Figure 7.5. No mismodelling is observed, and the prediction from MC simulation
is well in agreement with the data. The post-fit distributions of other kinematic
variables across the different channels are shown in Figure 7.17.

) 3 ) i o R B B i e e o
S ATLAS ; Sf:aH bb (4=1.16) § S 5 ATLAS ; S:taH bb (u=1.16)
- = -1 P - 1 >~ 10°EF {s= L e —H0)
@ Is=13 TeY. 79.8 fb Diboson a ) E Vs=13 TeY, 79.8 b Diboson 3
a:) 0 lepton, 2 jets, 2 b-tags T 5 [ Olepton, 3 jets, 2 b-tags & ]
> 10'E v ' = S Eov , 3
m p] 2150 Gev I Single top 3 m L Py 2150 Gev I Single top i
Bl W+jets ] " Il W+ets
Bl Z+jets b 10" Bl Z+jets 3
Uncertainty 7 E Uncertainty =
__________ Pre-fit background L'"""'-mr. «.ex Pre-fit background -

— VH, H - bb x10 — VH, H - bb x50

; T T T T T T T T T T T ; = : :

51.5E _+_: 51.5:

o l : O g —.—*—.—_‘_—V— J'\ \#\\\\ >T o 1 = —— g PP — -

8 _k E 8 E

0 = ARV AN IR AN VAN VIV BT A 08 = ARV AN AP RSN VAN VATV BT A

e -1 08 06-04-02 0 02 04 06 08 1 e -1 08 06-04-02 0 02 04 06 08 1
BDT,,, output BDT,,, output

@) (b)

FIGURE 7.14 — The BDTy g output post-fit distributions in the 0-lepton channel for 2-b-
tag events, in the 2-jet (a) and exactly 3-jet (b) 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 nor-
malised to the signal yield extracted from data (u = 1.16), and unstacked as an open
histogram, scaled by the factor indicated in the legend. The dashed histogram shows
the total pre-fit background. The size of the combined statistical and systematic uncer-
tainty 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 (¢ = 1.16) and background is shown
in the lower panel. The BDTy g output distributions are shown with the binning used
in the global likelihood fit [205].
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FIGURE 7.15 — The BDTy g output post-fit distributions in the 1-lepton channel for 2-
b-tag events, in the 2-jet (a) and exactly 3-jet (b) signal regions and (c) and (d) in the
corresponding control regions. The background contributions after the global likeli-
hood 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 (# = 1.16), and unstacked as an open histogram, scaled by
the factor indicated in the legend. The dashed histogram shows the total pre-fit back-
ground. 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 (# = 1.16) and background is shown in the lower
panel. The BDTyp output distributions are shown with the binning used in the global
likelihood fit [205].
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FIGURE 7.16 — The BDTyy output post-fit distributions in the 2-lepton channel for 2-b-
tag events, in the 2-jet (a) and > 3-jet (b) 75 < p¥ < 150 GeV regions and (c) and (d) in
the corresponding p¥ > 150 signal regions. The 2-lepton control regions in the 2-jet and
3-jet p¥. > 150 category are presented in Figure 7.5. The background contributions after
the global likelihood fit are shown as filled histograms. The Higgs boson signal (mpy =
125 GeV) is shown as a filled histogram on top of the fitted backgrounds normalised to
the signal yield extracted from data (¥ = 1.16), and unstacked as an open histogram,
scaled by the factor indicated in the legend. The dashed histogram shows the total pre-
fit background. The size of the combined statistical and systematic uncertainty for the
sum of the fitted signal and background is indicated by the hatched band. The ratio of
the data to the sum of the fitted signal (# = 1.16) and background is shown in the lower
panel. The BDTyy output distributions are shown with the binning used in the global
likelihood fit [205].
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FIGURE 7.17 — The post-fit distributions for E }”'SS (a), and myy (b) in the 0-lepton channel,
(0 m‘fv and (d) my, in the 1-lepton channel and (d) 7y and (f) 1y, in the 2-lepton channel
for 2-jet, 2-b-tag events in the high p¥ region. 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 (i = 1.16), and unstacked as an open histogram, scaled
by the factor indicated in the legend. The entries in overflow are included in the last bin.
The dashed histogram shows the total pre-fit background. The hatched band combines
statistical and systematic uncertainty for the sum of the fitted signal and background.
The ratio of the data to the sum of the fitted signal and background is shown in the
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7.7.2 Significances and signal strength

The expected and observed significances for the combined fit with all channels
are presented in Table 7.20. The observed significance for the fit with one y value for
all channels is 4.90, extracted from an unconditional fit to data, where all the NP are
free to vary and the signal strength is initialized to a value of u = 1. The expected
significance is extracted from a fit to an Asimov dataset, generated using the result
of a conditional u = 1 fit to data’ for a more realistic description of the nuisance
parameters, especially the normalization factors. The expected significance is equal
to 4.30. The measured signal strength for the VH, H — bb process is:

p=1.16"518(stat.) T2 (syst.) (7.33)

where the total systematic uncertainty is calculated starting from the sources de-
scribed in Section 7.5.

The compatibility among the channels is measured by repeating the simultane-
ous fit assigning to each channel an independent free-floating signal strength pa-
rameter. The results of the fit are shown in Figure 7.18(a) for the entries with the
label MVA, compared to the results from the di-jet analysis (DMA), which will be
discussed in the next Section. The associated p-values are summarized in the first
rows of Table 7.20. The compatibility of the measured y in the three lepton channels
is 80.2%. This number is extracted comparing the maximum likelihood values of the
multiple y fit with the single u one. In the asymptotic regime defined in Section 7.4.2
the compatibility between the maximum likelihood fits differing only in the number
of parameters of interest follows a x? distribution with a number of degrees of free-
dom equal to this difference. The two hypotheses can be thus compared to a x* with
two degrees of freedom to extract the aforementioned probability.

Signal strength Signal strength Po Significance

Exp. Obs. Exp. Obs.
0-lepton 1.041035 95-100* 51-100* 31 33
1-lepton 1.097948 8.7-107% 49.107% 24 26
2-lepton 1.38%045 40-107% 33.-100% 2.6 34

VH, H — bb combination 11610352 7.3-100% 53.1007 43 49

TABLE 7.20 — Measured signal strengths with their combined statistical and system-
atic uncertainties, expected and observed py and significance values (in standard de-
viations) from the combined fit with a single signal strength, and from a combined fit
where each of the lepton channels has its own signal strength, using 80 fb~! of /s = 13
TeV data.

The compatibility between the WH and ZH production modes is also checked, by
repeating the simultaneous fit with independent signal strength parameters for the
two production modes (ywy and pzpy). The level of compatibility between the two
individual signal strengths is 84%, with both measured uwy and pzy compatible
with the = 1 hypothesis within the uncertainties, as shown in Figure 7.18(b).

Figure 7.19 shows the data and simulation comparison of the BDT output bins
combined into bins of log,,(S/B), S and B are the fitted signal and background
yields in each bin, with the signal contribution scaled by the VH signal strength

7. This fit is obtained fixing the p parameter to 1 and leaving all the other NP free to vary.
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FIGURE 7.18 — The fitted values of the Higgs boson signal strength 1%, for my =
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dependently. In (a) the results are shown both for the nominal multivariate analysis
(MVA) and for the di-jet mass analysis (DMA) [205].

# = 1.16. In the bottom panel, a clear deviation from the background only hy-
pothesis (dashed line) is visible. As described by the solid red line, this excess is
compatible with the expectations, built in simulation as the ratio of the sum of the
titted SM signal+background distribution over the fitted background.
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FIGURE 7.19 — 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 com-
bined into bins of log,,(S/B) , with S being the fitted signal and B the fitted background
yields. The Higgs boson signal contribution is shown after rescaling the SM cross-
section according to the value of the signal strength extracted from data (¢ = 1.16).
In the lower panel, the pull of the data relative to the background (the statistical signif-
icance of the difference between data and fitted background) is shown with statistical
uncertainties only. The full line indicates the pull expected from the sum of the fitted
signal and background relative to the fitted background. The dashed line represents the
expectations for the background only hypothesis [205].



7.7. Fit Results 189

7.7.3 Ranking of the systematic uncertainties

The systematic uncertainties can be ranked depending on their impact on the
signal strength variation. This ranking is calculated iteratively considering all the
nuisance parameters 6 described in Section 7.5. The simultaneous fit is repeated fix-
ing the NP under test to its best fit value 6 modified upwards or downwards by its
fitted uncertainty, and leaving all the other parameters free to vary to account for
correlations. The higher the difference between the nominal 3 and the new y value,
the higher the impact of the considered nuisance parameter on the signal strength,
and therefore its position in the ranking. Figure 7.20 shows the impact of the first 15
nuisance parameters on yyp for the 0-, 1-, 2-channel combined fit. The highest con-
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FIGURE 7.20 - (a) Impact of systematic uncertainties for the fitted Higgs boson signal
strength p for the nominal MVA analysis applied to the 13 TeV data. The systematic
uncertainties are listed in decreasing order of their impact on y. The boxes show the
variations of y, referring to the top x-axis. The hatched and open areas correspond
to the upwards and downwards variations, respectively. The filled circles, referring
to the bottom x-axis, show the deviations of the fitted nuisance parameters 8 from their
nominal values, expressed in terms of standard deviations with respect to their nominal
uncertainties Af. The associated error bars show the fitted uncertainties of the nuisance
parameters, relative to their nominal uncertainties. (b) Breakdown of the contributions
to the uncertainty in y#. The sum in quadrature of the systematic uncertainties related to
the categories differs from the total systematic uncertainty due to correlations [205].

tributions come from the modelling of the p¥ and m,;, shapes of V+jets and diboson.
The uncertainties can be grouped depending on the origin - i.e. modelling, signal,
experimental and so on - in a single breakdown table as presented in Figure 7.20.

Each entry of the breakdown is calculated as the difference in quadrature between
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the error on the signal strength UZH calculated from a fit with all the NP free to vary

and the same fit performed fixing the NP of interest to their best values aﬁH*NPi“*‘.

The final result is given as \/ (oalh)2 — (UZH_NP““' )2.

The highest experimental contribution comes from the b-tagging uncertainties, while
the signal and V+jets uncertainties are the highest modelling-related uncertainties.
Also, the statistical uncertainty on the number of simulated events has a non-negligible
impact (0.07).

7.7.4 Focus on the one-lepton channel

The results for the 1-lepton channel standalone analysis are presented here as a
baseline for the improvements described in the next Chapter. The measured signal
strength for a fit in the 1-lepton channel is:

p = 1027557 (stat.) T935 (syst.). (7.34)

The excess has an observed significance of 2.36 standard deviations, compared to an
expected significance of 2.32 standard deviations, obtained as explained above from
a fit to a "realistic Asimov" dataset, based on a conditional fit to data with y = 1.
Figure 7.21 shows a detailed view of the different contributions, both in terms of
breakdown and ranking.

As expected, the highest ranked NP is the one related to the W+jets p¥. modelling,
which is also the highest contribution to the combined fit in Figure 7.20. Immedi-
ately after, there are the contributions from the NPs related to the uncertainty on the
number of simulated events. In total, five of these NPs are observed among the first
15 highly ranked NPs®. Also the b- and c-tagging related uncertainties are highly
ranked in the fit, with three contributions among the first 15 NPs.

7.8 Cross-check analyses

As mentioned in the introduction, the MVA analysis is cross-checked with two
alternative analyses. The BDT approach is validated with VZ,Z — bb events. The
same MVA is retrained specifically for this process, while the fit structure has been
validated by fitting directly the di-jet mass distribution, as briefly discussed below.

7.8.1 The di-jet analysis

The di-jet analysis is based on a cut-based approach where the BDT fit is replaced
with the my, fit. The general structure of the analysis is unchanged, apart for some
optimizations in the event selection described in Section 7.2.2. This allows for a
completely independent cross-check of the architecture of the simultaneous fit. The
fitted value of the signal strength parameter for the simultaneous fit to the di-jet
mass with all the channels combined is

p = 1.06702 (stat.) *030 (syst.) (7.35)

in good agreement with the result of the multivariate analysis. The observed sig-
nificance is 3.6 standard deviations, in comparison to an expectation of 3.5 standard
deviations. The quoted excess in data is clearly visible in Figure 7.22, compared to
the sum of SM Higgs and diboson expectations taken from simulations. The back-

8. Among them, the bins 12,13,14 are among the right-most bins where the S/B ratio is higher.
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FIGURE 7.21 - (a) Impact of systematic uncertainties for the fitted Higgs boson signal
strength y in the 1-lepton channel, based on an unconditional fit to data at 80 fb~1.
The systematic uncertainties are listed in decreasing order of their impact on y. The
color conventions are the same as Figure 7.20(a). The yellow bands correspond to the
so-called prefit impact of the nuisance parameters, which is evaluated by changing the
values of the nuisance parameters by 1 (which is the prefit uncertainty on the NP). (b)
Breakdown of the contributions to the uncertainty of y for the fit to the 1-lepton channel.
The sum in quadrature of the systematic uncertainties related to the categories differs
from the total systematic uncertainty due to correlations.
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FIGURE 7.22 — The distribution of my, in data after subtraction of all backgrounds except
for the WZ and ZZ processes in the dijet-mass analysis. The contributions from all the
categories are summed and weighted by their respective S/B, with S being the total
fitted signal and B the total fitted background in each region. The expected contribution
of the associated WH and ZH production of a SM Higgs boson with mpy = 125 GeV is
shown scaled by the measured signal strength (i = 1.06). The hatched band shows the
combined statistical and systematic uncertainty for the background [205].

ground yields, have been subtracted in data and each region is added weighting
each bin by the ratio of the fitted signal yield to background yield, S/B.

The post-fit plots of the my, distribution in all the three channels are shown in
Figure 7.23, 7.24 and 7.25. As for the MVA analysis, good agreement between data
and simulation is observed. As shown in Figure 7.18 (DMA labels), a high compat-
ibility between the signal strengths in the various channels and between the di-jet
mass and MVA analyises is also observed, being a further validation of the robust-
ness of the fit design. Overall, the di-jet analysis is 27% (19% for the expectation) less
sensitive than the MVA one.
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FIGURE 7.23 - Distributions of my;, used as input to the global likelihood fit of the di-jet
mass analysis. The distributions refer to the signal regions of the 0-lepton channel. The
data are shown as points with error bars, while 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 (4 = 1.06), and unstacked as an open histogram, scaled
by the factor indicated in the legend. The color convention is the same as described in
Figure 7.14 [205].
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FIGURE 7.24 - Distributions of my;, used as input to the global likelihood fit of the di-jet
mass analysis. The distributions refer to the signal regions of the 1-lepton channel. The
data are shown as points with error bars, whihle 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 (4 = 1.06), and unstacked as an open histogram, scaled
by the factor indicated in the legend. The color convention is the same as described in
Figure 7.15 [205].
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FIGURE 7.25 - Distributions of my;, used as input to the global likelihood fit of the di-jet
mass analysis. The distributions refer to the signal regions of the 2-lepton channel. The
data are shown as points with error bars, whihle the background contributions 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 (1 = 1.06), and unstacked as an open histogram, scaled

by the factor indicated in the legend. The color convention is the same as described in
Figure 7.16 [205].
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7.8.2 The diboson analysis

The diboson production processes VZ, Z — bb are used to probe the robustness
of the MVA approach. Their signature is similar to the VH, H — bb signal, thus a
second BDT is trained using the same variables of the VH analysis, but replacing the
V H signal with the diboson VZ one. A measurement of the diboson signal strength
is then performed using this new BDT as input to the fit. The infrastructure of the fit
is identical to the one described in Section 7.2.3 with minor adaptations. Due to the
smaller number of events in the diboson simulated samples, the granularity of the
BDT transformation has been reoptimised and lowered from 15 to 10 bins. Further-
more, the VH signal is included in the fit as additional background, with a NP on
its normalization constrained to the SM prediction with a conservative uncertainty
of 50%. The post-fit plots for the BDTy 7 distributions in the 0-,1-,2-leptons channels
are presented in Figure 7.26, 7.27 and 7.28. The CR were used as described for the
nominal V H analysis, but they are not shown here.
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FIGURE 7.26 — The BD Ty output post-fit distributions in the 0-lepton channel for 2 b-
tag events in 2-jet (a) and 3-jet (b) regions. The background contributions after the global
likelihood fit are shown as filled histograms. The VZ diboson signal is shown as a filled
histogram on top of the fitted backgrounds normalised to the signal yield extracted from
data (4 = 1.20), and unstacked as an open histogram, scaled by the factor indicated
in the legend. The dashed histogram shows the total pre-fit background. The size of
the combined statistical and systematic uncertainty for the sum of the fitted signal and
background is indicated by the hatched band. The ratio of the data to the sum of the
fitted signal and background is shown in the lower panel.
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FIGURE 7.27 — The BDTyz output post-fit distributions in the 1-lepton channel for 2
b-tag events in 2-jet (a)-(c) and 3-jet (b)-(d) regions. The background contributions after
the global likelihood fit are shown as filled histograms. The VZ diboson signal is shown
as a filled histogram on top of the fitted backgrounds normalised to the signal yield ex-
tracted from data (4 = 1.20), and unstacked as an open histogram, scaled by the factor
indicated in the legend. The dashed histogram shows the total pre-fit background. The
size of the combined statistical and systematic uncertainty for the sum of the fitted sig-
nal and background is indicated by the hatched band. The ratio of the data to the sum
of the fitted signal and background is shown in the lower panel.
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FIGURE 7.28 — The BDTy 7z output post-fit distributions in the 1-lepton channel for 2
b-tag events in 2-jet (a)-(c) and 3-jet (b)-(d) regions, with (a)-(b) the high p¥ region and
(c)-(d) the medium p¥. region. The background contributions after the global likelihood
fit are shown as filled histograms. The VZ diboson signal 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 open histogram, scaled by the factor indicated in the legend.
The dashed histogram shows the total pre-fit background. The size of the combined
statistical and systematic uncertainty for the sum of the fitted signal and background is
indicated by the hatched band. The ratio of the data to the sum of the fitted signal and
background is shown in the lower panel.
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7.8.3 Signal strength

The process has been observed with a ~ 100 significance. The resulting best-fit

value is:
p = 1207508 (stat.) T012 (syst.), (7.36)

in good agreement with the SM expectation within uncertainties. As in the VH anal-
ysis, the robustness of the fit has been probed looking at the compatibility among
the three channels with a simultaneous fit with multiple y parameters. The results
are shown in Figure 7.29(a). The compatibility between the signal strengths is 64%.
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FIGURE 7.29 — (a) The fitted values of the VZ signal strength pyz for the 0-, 1- and 2-
lepton channels and their combination. The individual yy 7 values for the lepton chan-
nels are obtained from a simultaneous fit with the signal strengths for each of the lepton
channels floating independently. (b) The fitted values of the VZ signal strength uy for
the WZ and ZZ processes and their combination. The individual pyz values for the
(W/Z)Z processes are obtained from a simultaneous fit with the signal strengths for
each of the WZ and ZZ processes floating independently.

The higher uncertainty in the 1-lepton channel, and thus its lower significance, is
due to the high contamination of W + HF background. The compatibility between
the WZ and ZZ processes has been probed with a multiple y fit and presented in
Figure 7.29(b). The WZ signal strength is constrained only by the 1-lepton channel,
thus its uncertainty is higher than the ZZ process. The probability of compatibility
of the individual signal strengths is 47%.

An alternative way to visualize the diboson signal is to compare data and sim-
ulation in bins of log,,(S/B). This is obtained analogously to the VH analysis, by
combining the final discriminant BDTy 7 in all regions into bins of log,,(S/B), with
S the fitted signal and B the fitted background yields, rescaling the SM cross section
by the extracted SM value (u = 1.20). The results are shown in Figure 7.30.
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FIGURE 7.30 — Event yields as a function of log,,(S/B) for data, background and a
diboson signal (VZ). Final-discriminant bins in all regions are combined into bins of
log,,(S/B), with S being the fitted signal and B the fitted background yields. The dibo-
son signal contribution is shown after rescaling the SM cross section according to the
value of the signal strength extracted from data (# = 1.20). In the lower panel, the pull
of the data with respect to the background (the statistical significance of the difference
between data and fitted background) is shown with statistical uncertainties only. The
full line indicates the pull expected from the sum of the fitted signal and background
with respect to the fitted background.

7.9 Combinations

The results presented in Section 7.7 are combined with Run-1 results [208] to in-
crease the expected significance of the measurement. In addition, two combinations
with similar analyses targeting the same production or the same decay mode have
been performed separately. These two combinations have been instrumental to have
a first significant measurement of the VH production mode and of the H — bb decay
mode. More details about these combinations are given in the next Sections.

7.9.1 Combination with the Run-1 VH, H — bb search

The Run-1 VH, H — bb analysis [208] has been performed with 4.7 fb~! of pp
collisions at /s = 7 TeV and 20.3 fb~! at \/s = 8 GeV. The observed signal strength
is = 0.52 + 0.32(stat.) ") 73 (syst.), corresponding to and observed (expected) sig-
nificance of 1.4 (2.6) standard deviations. The measurement has been combined with
the 79.8 fb~! analysis for a total dataset of ~ 105 fb~1.

Significant differences are observed in the way systematic uncertainties were
computed in Run-1 and Run-2, therefore the choice in most cases was not to corre-
late the systematic uncertainties across the two analyses. The impact of correlating
experimental and modelling nuisance parameters was checked and found to have
a negligible impact on the fit results, validating this choice. Among the experimen-
tal systematic uncertainties, only the b-jet energy scales were found to have a non-
negligible impact on the combined fit result when correlated. Regarding the signal,
only the theory-related uncertainties (QCD, PDF, branching ratio, and p¥—dependent
NLO EW corrections) have been correlated between the two periods. The value of
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the signal strength is:
ubhy = 0.981922 = 0.98 4 0.14(stat.) "017 (syst.). (7.37)

The observed significance is 4.9¢ (corresponding to a py value of 5.5 - 10~7) com-
pared to an expected significance of 5.1¢. Furthermore, a fit with multiple y floated
independently for the WH and ZH production processes has been performed and
the results are shown in Figure 7.31. The compatibility between the signal strengths
for the WH and ZH production processes is 72%.
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FIGURE 7.31 — The fitted values of the Higgs boson signal strength ut?,; for my = 125
GeV for the WH and ZH processes and their combination, using the 7 TeV, 8 TeV and
13 TeV data. The individual y?/hH values for the (W/Z)H processes are obtained from a
simultaneous fit with the signal strengths for each of the WH and ZH processes floating
independently [205].

7.9.2 VH combination

The Run-2 VH, H — bb results have been combined with the following other
analyses sensitive to the VH production mode:

H —7v : The analysis uses 79.8 fb~! of data at \/s = 13 TeV, more details about
the Run-2 strategy can be found in Ref. [226]. Several categories are defined, tar-
geting at different decay processes: five categories for the leptonic decays of the
vector boson, two categories for the hadronic decays of the vector boson and sepa-
rate categories designed to constrain the contamination from the ttH, VBF, and ggF
production modes. The signal yield is extracted in each category using a fit to the
diphoton invariant mass distribution in the range 105-160 GeV.

H — 4 £ : This analysis targets the VH production in the four-lepton final state,
with ¢ = e or y. The details can be found in Ref. [227] for an analysis with 79.8
fb~! of Run-2 data. In total the analysis contains three VH categories targeting: the
hadronic decays of the vector boson, the charged leptonic decays of the vector boson
and the decays of the vector boson containing one or more neutrinos.
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Assuming the relative branching fractions of the three decay modes as predicted
by the SM, the observed significance for the VH production mode is 5.3 standard
deviations, with an expected significance of 4.8 standard deviations. The fitted value
of the VH signal strength is:

pyvy = 1131923 = 1.13 £ 0.15(stat.) 7015 (syst.). (7.38)

The robustness of the fit has been cross-checked with a fit with the signal strengths
of each decay mode floating independently. The results of this multiple uy g fit are
shown in Figure 7.32. A 96% level of compatibility among the signal strengths have
been found for this fit.
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FIGURE 7.32 — The fitted values of the Higgs boson signal strength vy for myg = 125
GeV separately for the H — bb, H — v and H — ZZ* — 4( decay modes, along
with their combination. The individual pypy values for the different decay modes are
obtained from a simultaneous fit with the signal strengths for each of the processes
floating independently [205].

7.9.3 H — bb combination

A third combination is performed combining a total of six Run-1 and Run-2 anal-
yses looking at the H — bb decay mode:

VH — bb (Run-1 and Run-2): The Run-2 analysis is the one described in this
Chapter, while the VH — bb Run-1 analysis has been briefly introduced in Section
7.9.1 and more details can be found in Ref. [208].

VBF (Run-1 and Run-2): these analyses target the Vector Boson Fusion Higgs
production mode, selecting the H — bb decay channel. The Run-1 analysis [228] is
performed with 20.2 fb~! of data at /s = 8 TeV and the presence of dedicated gluon
gluon fusion categories in the selection makes it sensitive to the H — bb produced
by VBF and gluon gluon fusion. The observed signal strength for the H — bb decay
is 4 = —0.8 & 1.3(stat.) T} 3(syst.). The Run-2 analysis [229] relies on the same strat-
egy, repeated for 30.6 fb~! of data at /s = 13 GeV. The observed signal strength is
p = 2.5 4+ 1.3(stat.) 704 (syst.), with an observed (expected) significance of 1.9 (0.8)
standard deviations.
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ttH (Run-1 and Run-2): these analyses are primarily sensitive to the t#tH(— bb)
channel, but they also have a smaller contribution from the tH(— bb) process. Both
Run-1 and Run-2 analyses have been performed only in the lepton+jets and di-
leptonic channels. The Run-1 analysis [230] [231] has been performed on 20.2 fb~! of
data at \/s = 8 GeV, leading to a measured signal strength of 4 = 1.5 + 0.7(stat.) &
0.8(syst.), with an observed (expected) signal significance of 1.4 (1.1) standard de-
viations. The Run-2 result [232] was obtained with 36.1 fb—! of \/s = 13 GeV data,
leading to an observed signal strength of 1 = 0.84 = 0.29(stat.) 0.2, (syst.), with a

1.40 level of significance, for a 1.60 expected significance.

The scheme used to correlate the systematic uncertainties across the analyses was
optimised case by case, correlating only when the impact of such correlation was
clearly understood and the variation on the fit was observed to be non-negligible.
The only NP correlated across all the six analyses is the H — bb branching ratio.
Furthermore, few other parameters have been correlated: the three Run-1 analyses
have been correlated only for branching ratio and luminosity uncertainties, follow-
ing the studies presented in Ref. [9]. Across the Run-2 analyses, {tH(— bb) and VBF
were correlated for the luminosity, branching ratio, JES, JVT, JER and pile-up, as de-
scribed in Ref. [64], while for the ttH(— bb) dilepton and ttH(— bb) lepton-+jets all
NPs have been correlated following the scheme of the ttH observation paper in Ref.
[10]. The correlations between Run-1 and Run-2 analyses tend to follow the scheme
described in Section 7.9.1, correlating only signal theory and b-jet energy scales.

The cross-sections of the production modes are constrained to their SM predic-
tion to have a direct measurement of the yp_,p;, defined as the ratio of the observed
BR(H — bb) over the SM prediction. The measured value is:

urpp = 1.01 £ 0.2 = 1.01 £ 0.12(stat.) T 18 (syst.) (7.39)

The observed (expected) significance of the measurement is 5.4 (5.5) standard
deviations, providing direct observation of the Higgs boson decay into b-quarks.
Figure 7.33 shows the signal strengths obtained from a fit with multiple y, fitted
simultaneously for the three production modes. The compatibility among the indi-
vidual signal strengths is 83%.

710 Summary

This Chapter focused on the results of the Run-2 analysis with 80 fb~! of data
collected at /s = 13 TeV between 2015 and 2017. The analysis makes use of Boosted
Decision Trees combining different kinematic variables, to increase the overall sen-
sitivity. The final results are obtained with a simultaneous binned likelihood fit to
the BDT output of all the analysis regions combined. The best fit value of the signal
strength (0 - BR/ ospy - BRgy) of the VH — bb process is:

i = 1161076 (stat.) 155 (syst.).

The VH — bb process is measured with an observed significance of 4.90 and an
expected significance of 4.30. Good agreement between the three analysis channels
and between the WH and ZH production modes is observed, providing a robust
validation of the fit implementation.

The results have been validated also with two independent cross-checks: the di-
jet analysis and the diboson analysis. In both cases the results are compatible with
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FIGURE 7.33 — The fitted values of the Higgs boson signal strength ppy_,;, for mpy = 125
GeV separately for the VH, ttH and VBF+ggF analyses along with their combination,
using the 7 TeV, 8 TeV and 13 TeV data. The individual yf;_,p, values for the different
production modes are obtained from a simultaneous fit with the signal strengths for
each of the processes floating independently [205].

the SM expectations, giving an independent validation of the fitting procedure and
the BDT performance.

Three combinations have been carried out to increase the overall sensitivity of the
measurement. The first combination is with Run-1 ATLAS data. A signal strength
of ubl, = 0981922 = 0.98 & 0.14(stat.) "0-17 (syst.) is measured, for a total observed
(expected) significance of 4.9 (5.1) standard deviations.

The second combination has been carried out with other ATLAS analyses tar-
geting the VH production mode, such as VHH— vy and VH,H— 4/. An overall
signal strength of pyy = 1.13703; = 1.13 £ 0.15(stat.) 15 (syst.) for the VH produc-
tion cross section is measured, obtained by fixing the branching ratios to their SM
values. The measurement has a significance of 5.3 standard deviations - compared
to an expectation of 4.8 standard deviations - thus above the 5¢ threshold to claim
the observation of the VH production mode.

The last combination has been performed across ATLAS analyses sensitive to the
H — bb decay (i.e. VH,H — bb, ttH,H — bb and VBF,H — bb). The signal
strength of the H — bb decay, obtained fixing the production modes to their SM
predictions, is pp_p = 1.01 £ 0.2 = 1.01 & 0.12(stat.) 7015 (syst.), with an expected
(observed) significance of 5.4 (5.5) standard deviations. As for the VH production
mode, the significance of the H — bb decay measurement is above the threshold
to claim the observation, with excellent agreement with the SM predictions. This
means that the results are consistent with the predicted value of the Yukawa cou-
pling to bottom quarks in the Standard Model. In particular, this combination is
the first measurement to successfully probe the Yukawa mechanism for down-type
quarks with a sufficient level of precision to exclude the background-only hypothe-
sis.
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8 | Further improvements
towards the full Run-2
analysis

The results described in the previous Chapter represent a remarkable achieve-
ment in our understanding of the Higgs boson properties. However, this is just a
small step if compared to the final goal of a complete understanding of the Higgs
sector in the Standard Model. In fact, from what was described in Chapter 2, there
are motivations to believe that the SM might be just the low energy realisation of a
more fundamental theory. Concerning the Higgs sector, these hints of new physics
could be seen, for example, as anomalous behaviours of the Higgs kinematic dis-
tributions of the different production and decay modes, or as deviations from the
expected values of the reaction rates.

Such tensions with the SM predictions could be revealed by increasing the pre-
cision of the analysis. In fact, if the uncertainties are reduced to a fraction of the
anomaly, then the disagreement between observed and expected results can reach
several standard deviations and make the non-SM behaviour significant. Up to now,
no significant deviations from the SM predictions have been observed in the Higgs
sector, but the H — bb channel, thanks to its high branching ratio, could represent
an excellent candidate to search for such anomalies. The first attempts are reported
in Ref. [233], where the VH, H — bb production cross section has been measured as
a function of the vector-boson transverse momentum.

In the future, the VH, H — bb analysis will evolve from a single inclusive signal
search into a precision differential measurement. The statistics of the dataset will be
improved by adding the 58.5 fb~! of data delivered by LHC in 2018 - which were not
included in the analysis presented in the previous Chapter - for a total of ~ 140 fb~!.
Several improvements in different aspects of the analysis will be implemented to
increase the sensitivity and reduce the impact of systematic uncertainties. Among
them, non-negligible improvements can be obtained by optimizing the use of the
b-tagging information. The first part of the Chapter will summarize the latest devel-
opments to solve the non-closure problems of the statistical tagging, highlighting the
improvements given by its extended use in the analysis, while the second part will
focus on the inclusion of the b-tagging information in the final BDT discriminant to
enhance the overall sensitivity of the analysis.

8.1 Statistical tagging in VH, H — bb

The statistical tagging - as described in Section 7.6.2 - represents a powerful tool
to reduce the uncertainty on the number of simulated events. However, due to the
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non-closure problems highlighted in the previous Chapter, it has always been used
only to estimate the expected yields from sub-dominant processes. Dedicated stud-
ies showed that these effects are mainly related to the quality of the efficiency maps.
In particular, the non closure was found to be related to the combination of multiple
effects:

- The event selection used to derive the maps, summarized in Section 5.4, was
not the same as the one used in the analysis, especially in terms of jet isolation
requirements (AR > 0.8).

- The maps have been derived on tf samples, whilst they have been applied
also to V + jet samples.

- The maps have been derived without the event level MC corrections (pile-up
reweighting, SFs etc..).

- The binning chosen for the official maps was sometimes too coarse, especially
in 77, to resolve significant variations within bins.

These effects have been solved producing new dedicated efficiency maps opti-
mised for the VH, H — bb analysis phase space. In particular, to reduce as much
as possible the aforementioned effects, and suppress all the residual non closures
coming from differences in the phase space and in the event topology (for exam-
ple AR (jet, jet)), the new efficiency maps have been derived using exactly the same
event selection of the MVA analysis, summarized in Table 7.5, apart for the require-
ment on the number of jets. Furthermore, the sample dependence discussed in the
second bullet has been solved deriving the V+jet maps directly on the same V+jet
samples used in the analysis.

The maps have been derived on the full simulated sample of events available,
corresponding to the 2015-2018 data taking period!, and for the 1-lepton and 2-
lepton channels. The 0-lepton channel was not included because not all 2018 MC
samples were ready at that time, and the statistics was already sufficient to keep the
statistical error on the efficiencies between 1073 for b-jets and 10> for light-jets.

The new efficiency maps have been derived separately for the two nominal gen-
erators involved in the analysis: POWHEG +PYTHIA 8 using tf events and SHERPA
2.2.1 using V+jet events. In this second case, the V+jet sample is intended to be the
sum of W+jet in the 1-lepton channel and Z+jet in the 2-lepton channel. The maps
have been derived for the nominal VH, H — bb b-tagging working point (70%).
Furthermore, the binning effects have been reduced (in some cases up to 30%) op-
timising the # — pr granularity. In particular, for both generators the 7 granularity
has been increased by 50% (apart for light- and t-jets at high #, due to the lack of
statistics). In pr, the granularity has been adapted separately for each flavour and
generator, in order to be more granular in the transition regions - regions of fast
changes in the efficiency values - with 5 GeV steps, and less granular when allowed,
to reduce the uncertainty on the final efficiency. Furthermore, the fine granularity of
the maps has been extended at least to 250-300 GeV in pr.

1. Each reweighted by its specific pile-up profile and with all the simulation correction applied
(except the b-tagging corrections).
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8.1.1 Efficiency maps

The four efficiency maps produced from POWHEG +PYTHIA 8 tf events are shown
in Figure 8.1, while the efficiency maps produced using SHERPA 2.2.1 V+jet samples
are presented in Figure 8.2.
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FIGURE 8.1 - Efficiency maps for b-, c-, light- and 7- jets as a function of jet pr and ||
for MV2c10 at 70% working point computed using tf events generated with POWHEG
+PYTHIA 8 and passing the full VH, H — bb selection (but the 2 b-tagged jets require-
ments).

In addition, a total of 48 control maps was produced to cross-check the whole
procedure and justify the merging. One map for each combination of channels (1-
lepton, 2-lepton), flavours (b,c,light,7), data taking periods (2015-16, 2017, 2018) and
generators (POWHEG +PYTHIA 8 and SHERPA 2.2.1).

Compatibility checks have been performed across all these control maps, to verify
the good closure across the different channels and periods. These checks were per-
formed computing the ratio of different combinations of control maps, as shown in
Figure 8.3 and 8.4. The Figures show the compatibility between the final combined
maps presented above and the efficiency maps obtained using the 2015-2016 and the
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FIGURE 8.2 — Efficiency maps for b-, c-, light- and 7- jets as a function of jet pr and
|| for MV2c10 at 70% working point computed using W+jet events in 1-lepton and
Z+jet events in 2-lepton, generated with Sherpa2.2.1 and passing the full VH, H — bb
selection.
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2018 datasets separately, for both POWHEG +PYTHIA 8 and SHERPA 2.2.1. Additional
checks on the compatibility between 1-lepton and 2-lepton channels are presented
in Appendix B. The ratios are very close to 1, showing overall good compatibility
across data taking periods and channels, with maximum variations for b- and c-jets
of the order of ~ 3% (the larger variations at high eta visible in the b- abd c-jet ra-
tio maps are in bins with very low statistics, far from the bulk of the distributions).
Light- and T-jets suffer from higher statistical fluctuations and therefore the maxi-
mum variations when considering separate data taking periods are slightly higher
(O(10%)). In any case, by construction, these incompatibilities average out when
considering the full 2015-2018 dataset.
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FIGURE 8.3 — Ratio between the combined map and the control maps computed using

only (a)-(c) the 2015-2016 datasets and (b)-(d) the 2018 dataset for b-jets. The (a)-(b) maps
refer to POWHEG + PYTHIA while (c)-(d) maps are for SHERPA.
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8.1.2 Results

The validation of these efficiency maps has been performed using 2017 samples

only since the compatibility across the data-taking periods has been validated us-
ing the map-ratio methods described in the previous Section. The closure test has
been done comparing the main kinematic variables of tf and V+jet samples pro-
cessed using truth tagging and direct tagging. The flavour tagging scale factors and
their uncertainties remained unchanged since they have been calculated using di-
rect tagging, which is not impacted by the change of efficiency maps. In any case,
the validation has been done without the flavour tagging scale factors, to isolate the
non closure effects of the efficiency maps from those potentially introduced by the
correction factors.
Some examples of such closure tests are presented in Figure 8.5, for different kine-
matic variables of tf samples passing the 1-lepton channel selection. The tf events
have been studied as tf(bb), tt(bc) or tt(bl) based on the true flavour of the selected
jets and studied separately to probe the behaviour of b-, c- and light-jets. The coarse
binning effects of the official maps, discussed in the previous Section, are clearly vis-
ible in Figure 8.5(b), where the non closure at high 7 is the result of the unique large
bin between 1.5 and 2.5 of Figure 5.18, which averages out the gradual changes in
the efficiency. This effect is much reduced for the new finely binned efficiency maps
thanks to the increased granularity. A residual topological effect in AR (jet, jet) - not
completely covered by the (7 — pr) maps - is still visible, even if it has been partially
corrected by the use of the same isolation requirement as in the analysis. In gen-
eral, both tt(bc) and tt(bl) events show good closure, at least within the statistical
uncertainties of the direct tagging.

The validation of the new SHERPA efficiency maps has been done with W+jet
samples in the 1-lepton channel. The results are shown in Figure 8.6. A residual non-
closure for W+bb is visible, but well under control as explained in the next Section.
The other two main W+jet processes, W+bc and W+bl, show good closure both in
shapes and yields.

8.1.3 Hybrid tagging and impact on the analysis

To summarize, the use of the new customized maps considerably increased the
level of closure between direct and truth tagged samples. Excellent agreement in
both shapes and yields was found for tf(bc) and W+bl events. A sufficient level of
closure, meaning that the shape variations remain within the statistical uncertainty
of the direct tagged samples was found for tt(bl), W+bc, W+cl, W+l and W+cc.

However, the residual non closures observed for the main backgrounds - W+bb
and t(bb) - do not allow the VH, H — bb analysis to switch to a full truth tagging
approach. So, as discussed in Chapter 7, the best compromise in this case is to adopt
a hybrid approach at event level. As explained in Section 7.6.3, the hybrid approach
consists in applying direct tagging to b-jets and truth tagging to non-b jets, sepa-
rately for each event. Thus, the bb samples will be direct tagged, while the bc and bl
ones will profit from the truth tagging of the non-b jets in the event to increase the
statistics in the signal regions. Some examples comparing direct, truth and hybrid
tagging with the new customized efficiency maps in 1-lepton are shown in Figure
8.7.

The validation checks on the yields are presented in Table 8.1 for the main V+jet
samples of each channel. There is an overall good closure between the direct tagged
and the hybrid tagged samples in all channels, with discrepancies of the order of
O(3%) for the inclusive V+jet. The non closure in the 1-lepton channel for W+bc
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quoted in the previous chapter was 12%, while now it has been reduced to 2-3%
with the difference fully covered by the statistical uncertainty of the direct tagging.
The discrepancy in Z+bl is slightly higher for the 0-lepton channel, probably because
it has not been directly used to compute the efficiency maps. However, looking at
the distributions in Appendix B, it is clear that there are no main problems in the
shapes and that the difference is just due to negative fluctuations of the direct-tagged
sample, which have been smoothed away by the hybrid approach.

The improvements related to the use of hybrid tagging can be summarized as:
- Reduction by a factor 3-4 of the statistical uncertainty related to the number
of simulated events with respect to direct tagging.
- Reduction by ~ 60% (~ 3 —~ 1) of the statistical uncertainty related to the
number of simulated events on V+bc.
- Reduction by almost a factor 10 (~ 3 —~ 0.3) of the statistical uncertainty
related to the number of simulated events on V+bl.

Direct tagging | Truth tagging

yield \error yield ‘error Difference

Process

O-lepton
Zbb 788.96 | 9.35 | 788.96 | 9.35 0.0%
Zbc 4732 | 263 | 50.37 | 0.81 6.4%
Zbl 36.17 | 2.78 | 44.00 | 0.20 21.6%
Zcc 57.94 8.11 75.77 0.81 30.8%
Zcl 2720 | 745 | 30.09 | 0.14 10.6%

Z1 20.47 7.52 14.19 0.04 -30.7%
Z+jet | 978.06 | 37.84 | 1003.38 | 11.35 | +2.59%
1-lepton

Wbb 894.56 | 12.57 | 894.56 | 12.57 0.0%
Whbc 14855 | 6.04 | 15239 | 1.81 2.6%
Wbl 81.11 | 5.01 | 8211 | 0.38 1.2%
Wec 87.61 | 11.21 | 104.64 | 1.10 19.4%
Wel 80.34 | 13.78 | 8841 | 0.26 10.0%
WI 16.05 | 10.56 | 24.42 | 0.06 52.1%
W+jet | 1308.22 | 59.17 | 1346.53 | 16.18 | +2.59%
2-lepton
Zbb | 483.819 | 5.07 | 483.81 | 5.07 0.0%
Zbc 2530 | 192 | 2811 | 042 11.1%
Zbl 2484 | 148 | 2272 | 0.09 -8.5%
Zcc 21.60 | 296 | 18.07 | 0.28 -16.3%
Zcl 12.71 | 2.67 6.90 0.04 -45.5%
71 1.59 5.74 1.95 0.01 22.6%
Z+jet | 567.67 | 19.84 | 561.56 | 591 -1.08%

TABLE 8.1 - Yields and associated statistical uncertainties of the main V+jet errors across
the three channels for the 2017 dataset period in the 2-jet signal region. The left column
contains the yields in case of direct tagging, while the right column contains the final
yields in hybrid tagging.

In the 1-lepton channel, the effects have been studied in more details also for the
other samples. The yield tables for all the processes involved in the analysis are pre-
sented in Appendix B. An 8% reduction on the statistical error of the inclusive #f, a
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~ 20% reduction on the MC statistical uncertainty of the single-top(Wt) and a ~ 10%
on the WZ statistical uncertainties are observed, in addition to the improvements on
V+jets. The signal is mostly made of true b-jets, so it remains basically unchanged
when moving to the hybrid tagging.

The impact of this change in the final fit has been quantified using a fit to an
Asimov dataset (1 = 1), in the 1-lepton channel only. The study has been performed
without the addition of the 2018 dataset to better compare with the results presented
in the previous Chapter. The systematic uncertainties are described in Section 7.5,
apart for some experimental uncertainties which have been updated. For example, a
new scheme for JES and JER uncertainties has been introduced for this round of the
analysis, with 7 JER uncertainties instead of a single one. The multijet uncertainties
have not been included in this study. Table 8.2 shows the comparison between the
breakdown table of the nominal version of the analysis - with truth tagging applied
only to the small samples ("ICHEP-style" tagging) - and the same table for a dataset
produced with full hybrid tagging. The new customized maps have been used in
both cases.

(@) (b)

Set of nuisance ‘ Impact on error Set of nuisance ‘ Impact on error
Total +0.431 Total 10.427
DataStat +0.275 DataStat +0.272
FullSyst +0.333 FullSyst +0.329
Data stat only +0.260 Data stat only 40.258
Floating normalizations +0.068 Floating normalizations +0.081
Modelling: VH +0.122 Modelling: VH +0.125
Modelling: Background +0.245 Modelling: Background +0.228
Multi Jet +0.000 Multi Jet £0.000
Modelling: single top +0.096 Modelling: single top +0.103
Modelling: ttbar +0.089 Modelling: ttbar +0.075
Modelling: W+jets +0.154 Modelling: W+jets +0.154
Modelling: Z+jets +0.009 Modelling: Z+jets +0.013
Modelling: Diboson +0.049 Modelling: Diboson +0.052
MC stat +0.112 MC stat +0.083
Experimental Syst 40.148 Experimental Syst +0.156
Detector: Lepton 40.030 Detector: Lepton +0.027
Detector: MET +0.041 Detector: MET +0.048
Detector: JET 4+0.080 Detector: JET +0.094
Detector: FTAG (b-jet) +0.053 Detector: FTAG (b-jet) +0.044
Detector: FTAG (c-jet) +0.088 Detector: FTAG (c-jet) +0.084
Detector: FTAG (l-jet) 40.031 Detector: FTAG (l-jet) +0.015
Detector: FTAG (extrap) +0.006 Detector: FTAG (extrap) +0.003
Detector: PU +0.012 Detector: PU +0.016
Lumi £0.019 Lumi £0.021

TABLE 8.2 — Breakdown of the systematic uncertainties for a fit to an Asimov dataset
with ¢ = 1in the 1-lepton channel with 80 fb~1. a) "ICHEP style" truth tagging config-
uration, b) full hybrid tagging. A description of the various systematic uncertainties can
be found in Section 7.5. The sum does not match the sum in quadrature of the different
entries due to correlations.

A reduction of 27% on the uncertainty associated with the MC statistics is observed
when switching to the full hybrid tagging regime. The modelling and the statistical
uncertainty on data remain compatible, as expected since the change in shapes and
yields are minimal. The observed differences might be due to underlying correla-
tions across the NP. The experimental systematic uncertainties (lepton and jet-related
mainly) are slightly different. Investigations are currently on-going to understand
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FIGURE 8.8 — Ranking of the systematic uncertainties for a fit to an Asimov dataset
with 4 = 1 in the 1-lepton channel with 80 fb~!. The plotting scheme is described
in Figure 7.21. a) "ICHEP style" truth tagging configuration, b) full hybrid tagging.
A description of the various systematic uncertainties can be found in Section 7.5.
WhfSR_T2_L1_distmva_J2_bin_14 refers to the MC statistical uncertainty of bin 14 of
the transformed BDT output.

the reason for such behaviour. From preliminary results it seems that the increased
impact might be related to the different pruning pattern 2 which has not been fully
validated for the new JER systematic uncertainties yet, or to underlying correlations
with other NP such as the floating normalizations.

The ranking plots comparing the impact of the main systematic uncertainties using
the "ICHEP style" tagging and the full hybrid tagging are presented in Figure 8.8.
The MC statistical uncertainty entered as 6th in the ranking for the ICHEP style tag-
ging, while in hybrid tagging the impact of this uncertainty is lowered and ranked
as 22th (not plotted). A net improvement with respect to the ranking presented in
the previous Chapter ? is achieved, in fact 5 out of the 15 highly ranked uncertainties
were related to the MC statistics.

8.2 Inclusion of the b-tagging score in the final classifier

The output of a b-tagging algorithm has, by construction, the best discriminat-
ing power to disentangle b-jets against c- or light-jets, which makes is a very good
discriminating variable for the VH, H — bb analysis. In Run-1, this discriminating

2. Asexplained in Section 7.5.6, the small uncertainties are pruned with different criteria depending
on the distribution in each bin. Even small differences in the shapes might induce different pruning
schemes.

3. Also thanks to some t di-leptonic and single-top(Wt) extensions recently added to the analysis
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power has been exploited to increase the overall signal to background ratio (5/B).
Tight-Tight, Loose-Tight and Loose-Loose categories were defined so to distinguish
between signal-like events having two tight b-tagged jets at 50% working point
(Tight-Tight), from less signal like events with jets having lower b-tagging scores.
Furthermore, the b-tagging information of the two tagged jets was used as a discrim-
inating variable in the MVA and as additional distribution in the final likelihood fit
(the latter just for the 1-tag categories). This categorisation was implemented to max-
imise the significance in case of a much lower statistics sample of 20.3 fb~1. A +15%
improvement in significance for the 1-lepton, 7% for the O-lepton and 9% for the 2-
lepton channel [208] has been achieved with respect to the un-categorised analysis.
The main drawback of this analysis strategy was the complexity since many more
regions had to be simultaneously considered in the final fit.

This categorisation has been dropped for simplicity for the published analyses
of Run-2 [187] [205]. The b-tagging information is currently used only in the event
selection and just in a binary way to disentangle tagged jets above threshold from
the non-tagged jets, completely neglecting the additional discriminating power of
the full b-tagging distribution.

A new approach, partially following the Run-1 strategy, has been studied to re-
cover the power of the b-tagging information in the analysis. The idea is to maintain
the simple structure of the current analysis, but with two main modifications:

- Two additional variables corresponding to the binned MV2c10 score of the
two tagged jets are added to the training of the BDTyy, both in the 2-jet and
3-jet categories.

- Each bin of the pseudo-continuous b-tagging distribution needs to be cor-
rected with its own efficiency scale factor. It is therefore mandatory to move
to the "pseudo-continuous" working point described in Section 5.2.4.

The pseudo-continuous distribution of the MV2c10 score is defined as the binned
calibrated version of the continuous MV2c10 output, and it is presented in Figure
5.15 in Section 5.2.4.

No modifications to the event selection are proposed in this approach, so a fixed-cut
requirement on the b-tagging score is still needed to select the 2-tag events entering
in the signal regions. Motivated by the studies presented in Section 7.6.1, the 70%
WP was kept as default b-tagging requirement in the event selection. As described
in Section 5.4, for the truth tagged samples the binned MV2c10 score has been gen-
erated a posteriori, accordingly to the tagging choice.

The truth tagging had to be modified, to cope with an event selection based on
a fixed cut working point, but "pseudo-continuous" efficiency scale factors. Fur-
thermore, dedicated pruning criteria had to be defined to reduce the number of b-
tagging variations associated with the continuous working point. More details will
be given in the next Sections. The performance of this new setup has been tested
also in the final fit, as discussed in the last part of the Section.

8.2.1 Truth tagging in pseudo-continuous working point

The first challenge towards the implementation of the new proposed approach
was to extend the current version of the statistical tagging to the pseudo-continuous
working point. In statistical tagging, the tagged and non-tagged jets are chosen a
priori, and the assigned weight reflects the probability for the jets to be above the
tagging threshold. However, by definition, in pseudo-continuous working point
there is no a priori tagging threshold. This (in this case the 70% WP), is specified as
an additional parameter introduced ad hoc for the pseudo-continuous case.
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Furthermore, there is a fundamental difference between the definition of flavour-
tagging efficiency in the cumulative and pseudo-continuous working points. In the
first case the efficiency defines the probability for a jet to have a value above the b-
tagging requirement, which is exactly what is needed in statistical tagging, while in
the second case the efficiency quantifies the probability for a jet to fall in one specific
bin of the pseudo-continuous distribution:

[100 — 85]%, [85 — 77]%, [77 — 70]%, [70 — 60]% or [60 — 0]%.

Thus, an additional step is needed to convert this definition of efficiency in proba-
bility to pass a cumulative tagging requirement.
The efficiency maps are provided as 3-D maps in (pr, 17, weight), where weight
is the b-tagging information divided in 5 bins. The probability for a jet to fall in a
particular b-tagging bin (iop) is
Eff,” = MCeff.”

bin

iU
-SF.L. 8.1)

with MCeffifi”n the MC efficiency of that particular bin, taken from the efficiency

maps, and SF;”n the flavour tagging scale factor associated with the bin. In order
to recover the same definition of efficiency as the cumulative working point, the
bins from 1 to i,, needs to be summed together:

iop

Eff”, — Y Ef, (8.2)
1

cut

For example, the probability for a jet to pass the 70% operating point will be given by
the sum of the efficiencies in the [70,60]% and [60-0]% bins, each of them corrected
for the SF of that particular bin taken from the pseudo-continuous working point.

Another thing to be noticed is that the scale factors are defined differently with
respect to the cumulative working point. In practice, they are a non-trivial extension
of the efficiency and inefficiency scale factors used for the regular calibrations, mod-
ified so that the tag weight fractions (both in data and in MC) sum up to unity for
each given kinematic bin. All the scale factors are provided by the flavour-tagging
working group as described in Section 5.3.

Customized efficiency maps

The customized efficiency maps for the pseudo-continuous WP have been de-
rived from the same dataset described in Section 8.1.1, thus combining 1L, 2L and all
the MC samples available for the 2015-2018 period, both for tf and V+jet, to produce
PYTHIA and SHERPA maps respectively. The pseudo-continuous efficiency maps are
computed:

- subtracting bin-by-bin the cumulative WP maps, previously produced for all
the working points (85%,77%,70%,60%).

- Imposing that the sum of the efficiencies of the 5 tag-bins is 1 in each kine-
matic bin.

The 2-D projections of the PYTHIA efficiency maps are shown in Figure 8.9 for
all the four flavours. As expected, the highest fraction of b-jets is concentrated in
the [60-0]% bin, while c- and light-jets are most probably in the lowest bins. For
light-jets, 90% of the efficiency is in the [100-85]% bin.



Chapter 8. Further improvements towards the full Run-2 analysis

220

Flav

100-85

85-77

77-70

70-60

60-0

MCE(fB

MCEfB

MCEFfB

MCEffB

MCEfB

MCEffC

MCEffLight

MCEffLight

MCEfiLight

MCEffLight

MCEfiLight

FIGURE 8.9 — 2-D projections in pr and # of the new customized efficiency maps in
pseudo-continuous working point, calculated from POWHEG + PYTHIA tf events pass-
ing the full VH, H — bb selection, for the various flavour-types and tag-weight bins.
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The efficiency maps in pseudo-continuous WP have been validated comparing
the direct and truth tagging distributions of tf and V+jet samples, with respect to
the 70% cumulative working point shown in Section 8.1.2. The two results should
be compatible at least within the uncertainties since they are expected to pass the
same selection at 70% working point and differ just for the scale factors. Figure 8.10
shows some examples for both W+jet and tf. The small differences observed are
due to the different SFs, but overall there is a good agreement between cumulative
and continuous WP both in truth and direct tagging, meaning that no biases, expe-
cially in terms of normalization, are introduced in the pseudo-continuous WP when
summing the corrected efficiencies bin-by-bin.
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FIGURE 8.10 — Distribution of the sub-leading jet pr in (a) tf(bb), (b) tt(bc), (c) W(bc)
and (d) W(cc), comparing the 70% cumulative working point (points and solid lines)
and the pseudo continuous WP (dashed lines). For both WP, the black lines represent
direct tagging, while red lines are for truth tagging. In both cases the new customized
efficiency maps have been used.
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8.2.2 Training of the BDTypy

The BDT trainings have been performed using the full 2015-2018 available MC
statistics and with the same parameter settings described in Table 7.9. The training
dataset has been produced using hybrid tagging and the pseudo-continuous WP
with the new customized efficiency maps. As said in the introduction, two new
variables have been added:

- binned MV2c10 score of the leading tagged jet.

- binned MV2c10 score of the sub-leading tagged jet.
The jets need to pass the 70% WP requirement to be used in the training so, in the
end, only 2 bins of the pseudo-continuous distribution are exploited: the [70,60]%
bin and the [60,0]% bin. The signal and background distributions of the two new
variables are shown in Figure 8.11 for the 2-jet and 3-jet categories. A certain dis-
crimination power is visible between signal and background even if just two bins
are exploited. The overtraining checks of the new retrained BDT are presented in
Figure 8.12. Good agreement between the training and test sample is observed, both
in terms of ROC curves and BDT outputs, meaning that no evident sign of overtrain-
ing is visible.
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FIGURE 8.11 — The normalized signal and background distributions of the quantiles for
(a) the leading and (b) the sub-leading jet in the 2-jet category, while (c) is the leading
and (d) is the sub-leading jet in the 3-jet category. The quantiles are the bins of the
pseudo-continuous distribution, in this case 4 (70-60%) and 5 (60-0%).



8.2. Inclusion of the b-tagging score in the final classifier 223

y y
= 1 C 1
K] —— Signal (test) o r —— Signal (test)
L [ L r
=] r —— Background (lest) =] r —— Background (lest)
© 08 © 08—
r -~ Signal (train) I -~ Signal (train)
B -\, - Background (train) I~ - - Background (train)
0.6 0.6—
0.4— 0.4—
0.2 0.2
) N P N NP AU I S Nl ob i , .
-1 -08 -06 -04 -02 0 02 04 06 08 1 -1 -08 -06 -04 -02 0 02 04 06 08 1
BDT output weight BDT output weight
(a) (b)
) BDT 1L 2J 1 1of2_met PCB . BDT 1L 3J 1 1of2_met PCB
5 E 5 024
° C [ Signal, training data 022 [ Signal, training data
0.25[— KS(signal)=0.55 4 Signal, test data 0.2 KS(signal)=0.77 4 Signal, test data
[ KS(background)=0.24 [ Background, training data E~ KS(background)=0.99 [ Background, training data
C 0.18F
02— 4 Background, test data o16E 4 Background, test data
= 0145~
015 012
E 0.1
01— 0.08—
E 0.06/=—
0.05— 0.04F-
C 002
% 1.85 , = g 1-85 % I
s ! L s, vl , b
2 Ty = f 8 £orr
08F = 08 =
-0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1 1 0.8 0.6 0.4 0.2 0 0.2 0.4 0.6 0.8 1
BDT output weight BDT output weight
(c) (d)

FIGURE 8.12 — Over-training checks for the new 1-lepton BDT trained with the addition
of the b-tagging information of the two tagged jets. (a) and (b) efficiency vs cut on the
BDT output for signal and background in 2-jet and 3-jet respectively, (c) and (d) BDT
output distribution of signal and background in the 2-jet and 3-jet trainings respectively.

8.2.3 Pruning of the systematic uncertainties

The pseudo-continuous operating point has an additional intrinsic complication,
given by the large number of independent nuisance parameters needed to account
for flavour-tagging related uncertainties. A total of 85 NP, 45 for b-jets, 20 for c-jets
and 20 for light-jets are provided for the pseudo-continuous WP as described in Sec-
tion 5.3. This number sis quite critical in terms of computing time and manageability
of the fit model. Thus, a dedicated pruning procedure has been developed to reduce
the total number of flavour-tagging related NP.

As described in Section 5.3, the b-tagging variations of the pseudo-continuous
working point are computed as a function of pr and b-tagging weight and then
converted in a set of independent nuisance parameters to be used by the analyses,
always expressed as a function of pr and MV2c10 variable, also later generalized as
"b-tagging weight". The b-tagging weight bins are determined by the values in Table
5.5 (column "Selection"), and they identify a specific interval in b-tagging efficiency:

- b-tag weight bin € [—1,0.11] corresponds to the [100, 85]% b-tag efficiency
interval,

- b-tag weight bin € [0.11,0.64] corresponds to the [85, 77]% b-tag efficiency
interval,

- b-tag weight bin € [0.94, 1] corresponds to the [60, 0]% b-tag efficiency inter-
val.
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To facilitate the representation of these 2D uncertainties, each nuisance parameter
is decomposed in five 1-D projections along pr, one for each bin of the b-tagging
weight. As example, the projections for one b-jet flavour-tagging NP are shown
in Figure 8.13, compared to the total b-jet flavour-tagging uncertainty of each bin.
These five histograms represent the building blocks of a b-tagging nuisance param-
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FIGURE 8.13 - 1-D projections along pr of one b-tagging nuisance parameter for b-jet.
The grey band is the total uncertainty, while the red and yellow lines are the up (+10)
and down (—10) variations for this NP.

eter, and they have been largely used to establish the pruning criteria.
As a first attempt, one can impose that a NP is pruned if all the pr and tag-weight
bins (so all the five 1-D projections at the same time, in all the pr bins) have absolute
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variations smaller than a certain threshold. However, this requirement is not very
effective in terms of actual reduction of the total number of uncertainties, for multi-
ple reasons. First, the projections have very different shapes, thus finding a suitable
threshold valid in all bins at the same time is quite challenging, and second the con-
siderable number of projections to look at (45 x 5 for b-jets, 20 x 5 for c- and light-jets
for a total of 425 histograms) makes the tuning procedure even more complex.

For these reasons, the requirement has been loosened adopting a simplified ap-
proach, which focuses on the real impact of the b-tagging bins in the analysis. Ex-
ploiting the fact that the analysis requires the jets to pass the 70% working point and
that the MVA only makes use of tagged jets, the BDT is actually sensitive to only 2
out of 5 b-tagging bins. The other three bins [100-85]%, [85-77]% and [77-70]% are
actually not resolved by the BDT, and can thus be merged in one single bin from
100% to 70%. This implies a net reduction of 40% in the number of 1-D projections
to consider. In the limit of high statistics, the shape of the variation in the merged
[100-70]% bin can be inferred from the shapes of the projections in the single bins.
Intuitively, the highest contributions to the final shape should come from the regions
of the phase space with the highest efficiency . The merging has been performed
bin-by-bin, averaging the three projections in the [100-70]% range using a weighted
average. The weights have been taken from #-inclusive MC efficiency maps, com-
puted in the same way as the ones shown in Figure 8.9:

_ Li(vari(pr) - MCeft?™(pr))
varwt(pr) = Y MCEff?in(PT) -

with 7 the index running over the three b-tag weight bins, MCEff the MC efficiency
as a function of pr for each b-tagging bin. The three 7-inclusive MC efficiency maps
for the [100-85]%, [85-77]% and [77-70]% b-tag weight bins computed for b-jets are
shown in Figure 8.14.

The result of this merging procedure for the current b-jet example is shown in
Figure 8.15. Partial compensations between the single contributions are observed,
and in the end, even if the initial projections are individually large, the final variation
is smaller. This compensation can happen by chance, as in this case, or because one
of the three bins has much larger weight (due to the higher efficiency), as described
with some examples involving c- and light-jets in Appendix B. With this merging
procedure, the number of 1-D projections for each b-tagging nuisance parameter is
reduced to three. Keeping the same b-jet NP example as reference, the three projec-
tions to be considered now are the [100-70]% merged bin (Figure 8.15) and the two
bins above the 70% WP threshold: the [70-60]% bin (Figure 8.13d) and the [60-0]%
bin (Figure 8.13-e), which were left un-changed by the merging procedure.

Different sets of pruning requirements have been tested. The criteria ensuring
the best trade-off between a good number of pruned variations and a sufficient de-
scription of the total b-tagging uncertainty are:

- The variation is below 1% in all the pt bins for all the 3 projections.
- The variation is above 1% in some bins, but in these bins its contribution is
below 10% of the total uncertainty in that bin.

The criteria have been applied to all the nuisance parameters and flavours. Over-
all, a total of 57 nuisance parameters (corresponding to 114 variations) has been kept,
compared to an initial number of 85 NP (45 for b-jets, 20 for light- and 20 for c-jets).
This corresponds to a 30% reduction with respect to the initial number of NP.

4. The higher the probability for a jet to fall in a specific (pr, b-tag weight) bin, the higher the impact
of that bin on the final shape.
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FIGURE 8.14 — The Powheg+Pythia #-inclusive MC efficiency maps for b-jets computed
from VH,H — bb samples as described in Section 8.1.1. (a) Efficiency map for the
b-tagging bin [100-85]%, (b) Efficiency map for the b-tagging bin [85-77]% and (c) Effi-
ciency map for the b-tagging bin [77-70]%.
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bin, while the other thinner lines are the variations in the three single b-tag weight bins.
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flavour ‘ Total ‘ After pruning ‘ Keeping only +1c

B 90 58 29
C 40 36 18
Light 40 20 10
Total 170 114 57

TABLE 8.3 — Number of variations in pseudo-continuous WP for each flavour before
and after the pruning procedure.

In addition, the treatment of the systematic uncertainties has been further op-
timized exploiting the fact that +1¢ and —1c¢ b-tagging variations are currently
given as symmetric multiplicative weights. Since no asymmetric variations are ex-
pected from symmetric multiplicative weights, an immediate 50% reduction has
been achieved by storing just the 4+1¢ variations and symmetrizing the uncertainties
directly in the fit.

Overall, a total of 170 flavour-tagging related variations > should have been consid-
ered by default, while after the optimizations described in this Section only 57 are
retained, with a net reduction by ~ 2/3, as shown in Table 8.3.

This represents a preliminary attempt and further checks on the actual impact of
the pruning procedure on the final fit are still on-going. The criteria will require a
more accurate fine-tuning before declaring the procedure fully validated.

8.24 Impact on the analysis

The performance of the new trained BDT has been evaluated using the same
luminosity used in Chapter 7 - 80 fb~! of Run-2 data at 13 TeV - to isolate the gain
of the new approach from the effect of the additional statistics, and in the 1-lepton
channel only. The tests have been done comparing two different classifiers:

- The "nominal" BDTyy, trained with all the Run-2 available MC statistics.
- The "new" BDTyy, retrained with all the Run-2 available MC statistics, with
the addition of the b-tagging information.

The two datasets have been produced using pseudo-continuous b-tagging scale
factors, the 70% WP requirement and with the hybrid tagging. The robustness of the
fit model has been tested comparing fits to an Asimov dataset and conditional fits to
data ®, both with  fixed to 1. The fits have been performed first considering only the
statistical uncertainties and then including all the systematic uncertainties discussed
in Section 7.5. All the uncertainties have been kept unchanged with respect to the
analysis described in the previous Chapter, apart for the experimental uncertainties,
which have been updated as described in Section 8.1.2.

Table 8.4 shows the gain in significance for the new MVA with respect to the nom-
inal BDT approach. As shown in Figure 8.16, and discussed in Section 8.2.2, the
inclusion of the new variables increases the expected separation power of the final
BDTyp against the main backgrounds: tt, especially tf(bc), single-top and W+HE.
For example, there is a 40% increase in the S/B ratio in the region of interest (above
0.6) between the signal and ff in 2-jet. A similar behaviour is observed in the ratio
of the signal to single-top. Furthermore, an increase of 30% in the ratio between
W+bb and the other W+jet events is observed in the region of interest, suggesting

5. 85 "up" variations (-+1¢) and 85 "down" variations (—10).

6. A conditional fit to data means that the normalizations are extracted directly from data (while in
a "pure" Asimov fit the normalizations come from MC), so they are more realistic. The signal strength
is kept to a fixed value, usually # = 1, to maintain the analysis blinded.
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that the new BDTyp has a better separation power between the bb component and
the bc/bl ones. This leads to an overall gain of 6.5% in statistical significance - con-
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FIGURE 8.16 — Comparison between the BDTyy outputs of (a) the signal and tf(bc)
(b) the signal and single-top and (c) W+bb and W+others in the 2-tag 2-jet region. The
rebinning has been performed as discussed in Section 7.3.3. In case the denominator
has zero entries in a bin, the ratio is set to zero by default. The first two plots show an
increase in the S/B ratio for the new approach, while the third shows that the non-bb
component of W+jet is 30% less in the region of interest (right-most bins), thanks to the
addition of the new variables. Legend: the dashed lines are for the new set-up, while
the solid lines are for the nominal BDTyy. Red: signal in a) and b). Black: a specific
background (see legend). For the third plot, the red is the W+(non-bb) component and
the black is W+bb.

sidering only the statistical uncertainties - for both a fit to an Asimov dataset and a
conditional fit to data”’.

7. The calculation of the expected significance for the conditional fit to data is performed in two
steps, to reduce the impact of the statistical fluctuations on the quoted value. First, a fit to data with
u fixed to 1 is performed to extract the normalization values. Then, these values are used to build a
"realistic" Asimov dataset based on the post-fit MC, which is finally used to extract the significance.
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Fit Strategy nominal | nominal + b-tag %
) Stat. only 415 4.33 6.5%
Asimov
Syst. 2.57 2.73 10.6%
Stat. only 4.15 4.32 6.4%
Data (4 = 1)
Syst. 2.54 2.72 14.4 %

TABLE 8.4 — Significances for (top) a fit to an Asimov dataset and (b) a conditional fit
to data with 2 = 1 in the 1-lepton channel using 80 fb~! of data. The fit has been per-
formed including only the statistical uncertainties on data (Stat. only) or all the system-
atic uncertainties (Syst.). Both fits do not include the multijet background estimation.

When including the systematic uncertainties, the gain increases to +10% for a fit
on Asimov dataset and up to +14% for the conditional fit to data. Understanding the
way the fit handles the NP, especially those related to the modelling uncertainties, is
not straightforward. Further checks have been performed to exclude possible biases
in the fit and confirm the robustness of the quoted results.

A first qualitative check consists in looking at the data-MC post-fit distributions.
Any serious problem in the fit can in fact manifest itself as a poor agreement between
data and post-fit MC. This possibility is excluded by the excellent agreement of the
data-MC post-fit distributions shown in Figure 8.17. The results are shown for the
conditional fit to data with systematic uncertainties. Furthermore, Figure 8.18 shows
the binned MV2c10 scores in the two signal regions. Again, the excellent data-MC
agreement is a hint of the robustness of the fit.

A more quantitative check consists in looking directly at the best fit values of
the nuisance parameters, and their errors. As explained in Section 7.4.2, parame-
ters showing post-fit uncertainties higher than the initial priors are a clear indica-
tion of underlying problems. On the contrary, pulled or constrained values reveal
a certain sensitivity of the dataset to measure the corresponding nuisance param-
eter, which is tolerable as soon as it does not contradict the initial looser prior. If
not, it might indicate some underlying correlations which are not visible from the
estimated uncertainties on the individual nuisance parameters or some tensions in
the definition of the likelihood parametrization. Figure 8.19 shows the NP compar-
ison between the nominal and the new approach for a fit to an Asimov dataset. No
weakly constrained parameters are present (i.e. NP with uncertainties larger than 1)
and only a few parameters are constrained, mainly those related to the ¢ and single-
top uncertainties. Good compatibility is observed between the nominal and the new
approach, meaning that such constraints are not introduced by the addition of the
b-tagging information in the BDT. Some b-tagging related variations are not present
in the new fit because of the different pruning pattern. The effect on the final fit was
is negligible.

Figure 8.20 shows the same comparison, but for the conditional fit to data. Over-
all, the two fits look compatible, with no major problems apart from two suspi-
ciously pulled parameters related to the single-top modelling. The problem seems
to be reduced in the new approach.

The correlation matrices, shown in Figure 8.21, revealed that the problem comes
from the high correlation between the p¥ modelling and the acceptance uncertainties
of single-top(Wt) bb events. The py modelling uncertainty is in fact dominated by
the bb channel, due to the interference between the NLO single-top Wt and the LO
tt process, as described in Ref. [234]. This translates in large p¥ and mpp modelling



230 Chapter 8. Further improvements towards the full Run-2 analysis

) L o LA B o e B Tl S R R RS S R I RS RS R
g 10° —e— Data B _| g E —e— Data - 3
Z E . Bl VH, H — bb (1=1.00) 3 by oo . I VH, H — bb (u=1.00) ]
@ F s =13TeV, 798 o I Diboson 3 P s =137TeV, 798 b [ Diboson i
QC) B 1 lepton, 2 jets, 2 b-tags r 7 % e 1 lepton, 3 jets, 2 b-tags & n
i 1047p;f=15UGeV I Single top B i 10 E pY =150 Gev I Single top E
E Il W+ets 3 E Bl W+jets B
C Bl Z+jets 1 - Il Z+jets i
TR Uncertainty 7] Uncertainty |
e em Pre-fit background «+=+ Pre-fit background 3
3 3 e g 3
10°E H ——VH,H —>bb x50 5 = VH,H —bb x100
_81_5;””“””‘H“HH“HH‘H_: _8-1'5;””“””‘H“HH“HH‘H_:
% 1E o N T 1 e 3
s | < s |
SO05 Bl b b b e b b b b SO5 Bl b b b b b b b b
e -1 -08 -06-04-02 0 02 04 06 08 1 e -1 -08 -06-04 -02 0 02 04 06 08 1
BDT,, output BDT,,, output
(@) (b)

N 60T T T T e o 4000 T e e e e e
; C —eo— Data _ 7 ; - —e— Data -~ .
5 1400[ f5 =13 Tev, 79.8 16" = ‘[’,::)’o::n B (1=1.00) S 35001 (5= 13Tev, 79.8 10" = ;:;o';; B0 (1=1.00)
|_|>J I 1lepton, 2 jets, 2 b-tags & b Lﬁ = 1lepton, 3 jets, 2 b-tags & B
1200~ p; = 150 GeV I Single top -] 3000 = py =150 Gev I Single top =
[ W+HF CR Il W+jets ] - W+HF CR Il W+iets 3
1000— Bl Z+jets — 2500 Bl Z+jets —]
- Uncertainty a C Uncertainty i
800 . Pre-fit background | 2000 ; ===+ Pre-fit background {
600 1500p E

400 1000

200 500

0 0
_81_5;”\”\””\\H\H\H\H\HHL: ?)-1'5:4”\”\””\\H\H\H\H\HH_:
£ 1: -1 :
< E 3 o] £ B
go_s%"\"‘\"‘\"‘mumumumumu\ué go,s%"\"‘\"‘\"‘mumumumumu\ué
-1 -08 -06-04-02 0 02 04 06 08 1 -1 -08 -06-04-02 0 02 04 06 08 1
BDT,, output BDT,,, output

(@) (d)

FIGURE 8.17 — Post-fit distributions of the new final classifier for a conditional fit to data
(4 = 1) with the systematic uncertainties, (a)-(b) signal regions, (c)-(d) control regions.
The fit was performed with 80 fb~! and in the 1-lepton channel only. The black-dots
represent the data, while the filled histograms are the different simulations normalized
to their post-fit normalization factors. The solid red line represents the signal expecta-
tion, normalized to a certain factor explicited in the plot. The ratio between the data
and MC distributions is shown in the bottom pads. The most sensitive bins with a S/B
> 0.05 are blinded.
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scheme is the same as Figure 8.17.
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FIGURE 8.20 — Post-fit systematic uncertainties after a conditional fit to data with
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uncertainties of the bb channel, up to 100%. In bc and b! this interference does not
occur and the p¥ uncertainties are rather small. It seems that the nominal MVA is
particularly sensitive to such mismodellings of the phase space in few particular
bins of the 3-jet category, as shown in Figure 8.22. The reduction of this correlation
seems to occur by chance, probably because the new MVA spans different corners of
the phase space, less sensitive to the bb component alone.

Impact on the signal strength

The impact on the signal strength has been evaluated for a fit to an Asimov
dataset with y = 1. The comparison between the two breakdown tables is shown
in Table 8.5. As a reminder, the only change between the two fits is BDTyp, in
both cases in fact the dataset was produced with pseudo-continuous b-tagging and
hybrid tagging. The interpretation is not straightforward since the breakdown ta-
ble does not allow to quantify the underlying correlations between the uncertain-
ties. Some hypotheses can be drawn to explain the differences between the two ta-
bles. However, this should be considered as a preliminary interpretation and more
checks are needed to confirm the validity of such hypotheses. Overall, it can be no-
ticed that the single values are in general increasing with respect to the nominal,
while the overall uncertainty seems to be reduced by ~ 5%. This might be due to
the non-negligible change in the correlation pattern reported in Figure 8.21 which,
could explain the reduction of some modelling uncertainties (20% reduction for sin-
gle top and 10% for tf). In the same way, the uncertainties related to the single-top
acceptance (i.e. stoptAcc and StopWtbbACC) appear to be less correlated with the tf
normalization uncertainties (ttbar_norm). So again, this change in the correlation
scheme might explain the apparent higher impact of the floating normalization un-
certainties (+30%). However, when considering the full statistical uncertainty (given
by data stat. + floating normalizations), a reduction of 3% is observed, meaning that
this increase should just be a feature of the way the breakdown table is calculated.

On the contrary, the overall 10% increase in the signal modelling uncertainty is
still not completely understood, as well as the increase in the impact of the experi-
mental uncertainties, especially for jets and leptons. The latter might be related to
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FIGURE 8.22 — Comparison between the effect of the single-top Wt p¥% modelling un-
certainty on the BDTyy of the 3-jet signal region. In yellow the statistical uncertainty,
in solid red the up variation and in solid blue the down variation, related to the y-axis
on the left. The blue dots show the ditribution of the single-top BDTyy, referring to
the y-axis on the right. The "NormEff" indicates the impact of this uncertainty on the
normalization.

the pruning scheme or to the underlying correlation with the normalization uncer-
tainties (up to 60%), which are also increasing as discussed above. Finally, a non-
negligible increase in the impact of the c-tagging uncertainties could be explained
by the fact that the BDTyy is now able to better separate the bb and bc components,
so the c-jet uncertainties have a higher impact. Further checks on the correlation
scheme would be needed to verify the aforementioned hypotheses.

8.3 Summary

This Chapter focused on two possible improvements to be implemented in the
analysis towards the full Run-2 VH, H — bb publication. The first is the so-called
hybrid tagging, which combines the use of direct and statistical tagging to maximize
the available MC statistics for c- and light-jets. New efficiency maps have been pro-
duced for the VH, H — bb analysis to ensure good closure between the two tagging
regimes. Tests showed a reduction of 60% in the pre-fit uncertainties on V+bc and of
a factor 10 for V+bl in all the three channels. In the fit, the hybrid tagging allows for
a reduction of ~ 40% of the total MC statistical error.

The second proposed improvement involves the inclusion of the b-tagging infor-
mation in the final BDT discriminant. The idea has been developed in Run-1 and
here it has been proposed in an alternative and simpler way to better adapt to the
current structure of the analysis. The final classifier shows an increased separation
power between the signal and the other main backgrounds, especially in 3-jets. This
translates in an increase of 14.4% (10.6%) in significance for a conditional fit to data
(Asimov) with y = 1 and a —5% reduction on the total uncertainty on y for a fit to
an Asimov dataset. The pulls do not show evident underlying problems in the fit,
but further checks would be necessary to better understand the correlation pattern
and the impact of the single uncertainties. More studies to confirm the validity of the
pruning and smoothing schemes for the current implementation of the uncertainties
are also needed before including this last improvement in the analysis.
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(a) (b)
Set of nuisance ‘ Impact on error Set of nuisance ‘ Impact on error
Total +0.417 Total +0.412
DataStat +0.270 DataStat +0.261
FullSyst +0.318 FullSyst +0.318
Data stat only +0.256 Data stat only +0.248
Floating normalizations +0.084 Floating normalizations +0.103
Modelling: VH +0.123 Modelling: VH +0.136
Modelling: Background +0.236 Modelling: Background +0.228
Multi Jet +0.000 Multi Jet +0.000
Modelling: single top +0.110 Modelling: single top +0.090
Modelling: ttbar +0.076 Modelling: ttbar +0.065
Modelling: W+jets +0.158 Modelling: W+jets +0.157
Modelling: Z-+jets +0.010 Modelling: Z+jets +0.005
Modelling: Diboson £0.050 Modelling: Diboson +0.044
MC stat +0.080 MC stat +0.082
Experimental Syst +0.133 Experimental Syst +0.159
Detector: Lepton +0.025 Detector: Lepton +0.032
Detector: MET +0.031 Detector: MET +0.025
Detector: JET +0.086 Detector: JET +0.108
Detector: FTAG (b-jet) £0.059 Detector: FTAG (b-jet) +0.053
Detector: FTAG (c-jet) +0.053 Detector: FTAG (c-jet) +0.089
Detector: FTAG (l-jet) +0.022 Detector: FTAG (I-jet) +0.013
Detector: FTAG (extrap) £0.000 Detector: FTAG (extrap) +0.000
Detector: PU +0.013 Detector: PU +0.022
Lumi +0.019 Lumi +0.022

TABLE 8.5 — Breakdown of the systematic uncertainties for a conditional fit to data fix-
ing 4 = 1 in the 1-lepton channel with 80 fb~!. (a) "nominal" configuration. (b) the
configuration with the additional MV2c10 score included in the BDT. A description of
the various systematic uncertainties can be find in Section 7.5. The sum does not match
the sum in quadrature of the different entries due to correlations.
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9 | Conclusions

This manuscript described the work done during my three years of PhD, be-
tween October 2016 and July 2019. Three main areas of interest have been studied:
the measurement of the energy scale and resolution corrections of low energy elec-
trons with J/¢ — ee events, the Higgs sector and the VH, H — bb analysis, and
the developments in b-tagging. The results obtained in these three topics are briefly
summarized below.

The offline energy calibration chain of electrons and photons in ATLAS has been
briefly presented in Chapter 6. The Standard Model candle used to perform the
nominal data-driven calibration is Z — ee, which gives access to electrons at trans-
verse energies peaking at ~ 40 GeV. The scale factors extracted with this data-driven
method are then applied to all the electrons and photons in ATLAS, independently
from their energy, with additional uncertainties related to the extrapolation at dif-
ferent energies and particle type than electrons from Z decays. The work of my
qualification task consisted in checking the linearity of this calibration, using an in-
dependent SM candle: J/¢ — ee. The low mass of the ]/, allows to investigate
the low part of the spectrum, in the region from 5 GeV to 30 GeV, which is almost
orthogonal to the measurement performed with Z — ee.

The energy scales and resolution of such electrons have been measured using J /¢ —
ee events selected from ATLAS data at /s = 13 TeV, recorded during 2015 and 2016.
The measurement has been obtained using a simultaneous fit to the invariant mass
peak of the ee system. A fit to the pseudo-proper time of the J/i has been im-
plemented to quantify the fraction of prompt and non-prompt events directly from
data. The measured scales are in good agreement with the nominal values extracted
using Z — ee events, with maximum disagreements of ~ +1.3% in the outer barrel
(7 in [0.8, 1.10]) and of ~ —0.4% in the endcaps, and accuracies varying between
0.03% and 0.2% depending on the 1 bin. These residual scales were found to be
compatible with the systematic uncertainties, meaning that the overall linearity of
the calibration chain is validated within uncertainties.

The ]/ — ee events have been used to limit the residual sampling term corrections
(Aa) of the electromagnetic calorimeter. The values are compatible with zero in the
whole 7 region, with uncertainties varying between 2% and 4%. This confirmed, for
the first time with a direct measurement (and not from test beams), that the value
used for the sampling term still holds. Even if it is still in a preliminary stage, this
method represents a pomising way to measure the sampling term with better accu-
racy than the currently quoted value.

Most of the work of my thesis has been dedicated to the VH, H — bb analysis.
Here I presented the results of the Run-2 analysis with 80 fb~! of Run-2 ATLAS data
at /s = 13 TeV, which have been of great importance to claim the observation of two
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SM processes: the V H production mode and the H — bb decay. The analysis is based
on MVA techniques, and in particular Boosted Decision Trees, separately optimized
in each signal region to enhance the overall signal to background ratio. The final
results are obtained with a simultaneous binned likelihood fit to the BDT output
distributions. The best fit value of the signal strength (¢ - BR/ osy - BRsy) of the
VH,H — bb process is p = 1.16f8:%2(stat.)f8:g(syst.), measured with an observed
significance of 4.90 and an expected significance of 4.3¢. Two cross-checks have
been used to validate the result: the di-jet mass analysis and the diboson analysis,
searching for the VZ,Z — bb SM process.

Three combinations have been performed: the first with the Run-1 VH, H —
bb analysis performed with 20 fb~! of ATLAS data at 8 TeV. A signal strength of
ubh, = 0.98703% = 0.98 £ 0.14(stat.) 17 (syst.) has been measured, for an observed
(expected) significance of 4.9 (5.1) standard deviations.

The second combination targeted the VH production mode. The other Higgs boson
analyses sensitive to the VH production mode, such as VH,H— 7y and VH,H— 4/,
have been combined with VH, H — bb to enhance the sensitivity to the VH produc-
tion. Fixing the branching ratios of each analysis to its SM value, the overall signal
strength of the VH process is pyy = 1.13703; = 1.13 & 0.15(stat.) 7015 (syst.), with
an observed significance of 5.3 standard deviations, and an expected significance of
4.8 standard deviations. This is the first observation of the VH production mode.

The last combination targeted the H — bb decay. The combined analyses were
VH,H — bb, ttH,H — bb and VBF,H — bb from Run-1 and Run-2. The sig-
nal strength of the H — bb decay has been obtained fixing the production modes
to their SM predictions. The combined value is ypy_,;, = 1.01+£02 = 1.01+
0.12(stat.) )18 (syst.), with an expected (observed) significance of 5.4 (5.5) standard

deviations. This is the first observation of the H — bb decay mode and the first
significant measurement probing the Yukawa mechanism for down-type quarks. In
both cases, the VH, H — bb analysis has been the leading channel in sensitivity for
the observation.

The last part of this work focused on future developments not yet public. Two
improvements related to the implementation of b-tagging in the analysis have been
developed towards the next result. The first is hybrid tagging, which optimizes the
use of direct and statistical tagging in the analysis. A reduction of 40% in the MC
statistical error is observed when moving to a full hybrid tagging regime in the anal-
ysis. The main improvement is visible on V+jet, with a reduction of 60% on the MC
statistical error of V+bc ad a reduction of a factor 10 for V+bl in all the three chan-
nels. New efficiency maps have been produced and validated to solve the problems
with statistical tagging observed in the previous rounds of the analysis.

The last improvement proposes a change in the analysis structure to better ex-
ploit the discriminating power of the b-tagging information (i.e. the MV2c10 out-
put), which could enhance the S/B ratio as proved in Run-1. In the current struc-
ture, the b-tagging information is just used in a binary way to disentangle tagged
and non tagged jets. The proposed approach preserves the current analysis struc-
ture and includes this information as an additional variable in the BDTy . The new
BDTy gy shows an increased separation power between the signal and the other main
backgrounds, especially in 3-jets. An increase of +14.4% in significance has been ob-
served for a conditional fit to data with u = 1, consistent with the +10.6% observed
for a fit to an Asimov dataset. The result seems solid but further checks are needed
before including this last improvement in the analysis.
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A | Additional material for the
J/W — ee calibration

Further material is collected in this appendix for the low energy electron calibra-
tion study with J/¢ — ee events. Figure A.1 shows some kinematic distributions
of the electrons passing the event selection, before applying the 2-dimensional 7
reweighting. Regarding the fit part, more MC templates are shown in Figure A.2,
corresponding to both diagonal and off-diagonal bins. The related fits on data are
shown in Figure A.3.

A.0.1 Comparison with Run-1

A comparison with the Run-1 result can be found in Figure A.4. The dependence
of the energy scales on the electron pseudorapidity is similar in the two data tak-
ing periods, but for Run-2 there is an overall shift of the energy scale corrections
to negative values by approximately ~ 0.3%. This effect is more pronounced in
the endcaps, where a ~ 0.6% negative shift is visible. The discrepancy might be
due to the sum of different contributions: in Run-1 there was no automated correc-
tion for pileup and pedestal shift systematics, so the Run-1 scales are expected to be
more systematically biased to higher values (+10), even if this bias was fully cov-
ered by the pedestal systematic uncertainty of 10MeV/Et. The second contribution
can come by the amount of material upstream the calorimeter, which in Run-2 is
different than in Run-1, especially for 17| > 2. Some extra effects, possibly related
to E1/E, values or to differences in the J/4 and Z luminosity profiles ! might also
contribute to this difference in the energy scales.

A.0.2 Pile-up dependence

The pile-up dependence of the residual energy scale factors has been studied
splitting the sample into three regions of increasing u values: 0-13, 13-18 and above
18. The values have been selected to have regions with ~ 20k events each. Due to
the low statistics available, the study has been performed using only two pseudora-
pidity categories: |17.| < 1.37 (barrel) and 1.52 < |#.| < 2.47 (endcap). The results of
this study are presented in Figure A.5. No significant differences between the resid-
ual energy scale factors of the three y subsamples are visible in the barrel. In the
endcaps the scales vary by ~ —0.4% for the two lowest u intervals, while for y > 18
the variation is ~ —0.8 &= 0.2%. This might be the hint of a pile-up dependence of the
scales in the high # region, but more data would be necessary to confirm this trend.

1. We are currently assuming that the luminosity profile of J /1 is similar enough to the one of Z so
that luminosity related effects on the energy scales in the endcaps cancel in the Z to J /1 extrapolation
for Run-2.
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FIGURE A.1 - Kinematic distributions for leading and subleading electrons in data and
simulation. (a) Leading and (b) subleading electron Et distributions showing prompt
and non prompt contributions to the simulation, before the (771, 7,) reweighting pro-
cedure is applied. (c) Pile-up distribution in data and simulation after the pile-up
reweighting. (d) Inclusive invariant mass peak in data and simulation. Note: for (d)
the MC is normalized to match the data in peak height and not the number of events.
This is done to show residual scale and resolution effects. The large disagreement on
the tails is due to the continuous background for which no MC is provided.
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FIGURE A.2 — Some examples of fit to the dielectron invariant mass distribution in the
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242 Appendix A. Additional material for the J/{ — ee calibration

- T e e e - R e B AR naan
S 1ok a: -2.53¢-03 = 9.78e-04 | S 2001 a:-2.24e-04 = 8.70e-04 |
S E year: 2015+2016 ] S 1gof  vear: 201542016 =
< 160 n:-0.80,-0.40 - < E n; 0.40,0.00 E
£ 1 402_ n,:-0.80, -0.40 _f £ 160 1,040, 0.00 E
[ F <m,>:3.085 = 0.003 GeV| B Q  14Qf-<m..>: 3.088 = 0.003 GeV 3
w120 Ndata: 4177 = w F Ndata; 3924 E
100F M) 3157 =82 E 120 Ny 2018 =72 =
F N(y,): 155 = 39 B 100  N@,):126+33 =
80 Nbkg: 864 + 92 — BOi Nbkg: 880 = 77 E
60} 3 s0F- 3
40 = 40f E
20 . 20F .

G"W“I...l.”JH‘I.‘.Mt' K | Gr‘" IS A I e aw

22 24 26 28 3 32 34 36 38 4 22 24 26 28 3 32 34 36 38 4
M. [GeV] m,, [GeV]

(a) (b)
3 L B L EAAammas 3 e e e
S 200k 1 -4.16e-03 + 1.19e-03 — =} F @ 1.33e-02 + 2.27e-03 7
S gof.  yean2otsi0t6 E © 120 year: 201542016 + Uyt 2.536-03 = 9.78e-04
Z E . 1.52, 2.40 B Z F n;-1.10,-0.80 1
£ 160  w;1522.40 E £ 100  n,-0.80,-0.40 3
o F <m,>:3.060 = 0.004 Ge E o [ <m,>:3.127 + 0.004 GeV ]
> 140F E = C ]
w E Ndata: 5080 E W gol Ndata: 3307 4
120 Nwny): 3796 = 100 E [ NUAp):2314 =78 B
100F N(wz): 286 = 54 3 60; N(wz): 150 = 51 A
E Nbkg: 998 = 122 E F Nbkg: 843 + 101 ]
80F = . ]
60F- = 40 -
40 E 200 ]
20F, v i gﬁ. e d
G*LL%‘J...l...\..wu.l..m' LRE 0 .

22 24 26 28 3 32 34 36 38 4 22 24 26 28 3 32 34 36 38 4

Mg [GeV] M, [GEV]
(c) (d)
~ 250 T T - B B e S LR B T
q N + 0,:-2.53e-03 = 9.78e-04 | o 2501 + a,: -2.05e-03 = 8.72e-04 |
S [ year 201542016 0,7 -2.24e-04 = 8.70e-04 1 = o Jear 2015:2016 0;: 6.970:04 = 1.01e:03 |
< 200 n:-0.80,-0.40 p % ooof  "iooo.0do E
g [ n,:-0.40, 0.00 ] g [ 1, 0.40,0.80 ]
(9 [ <m,>:3.101+0.002 Gev+ ] o [ <m, > 3.006 = 0.002 GeV r' ]
w150 Ndata: 4962 - Y s0b Ndata: 5078 i
[ NQAp): 3604 = 84 ] ' N@y):3858 = 70 B
I N(y,): 180 = 43 ] C N(y,): 228 = 40 ]
100~  Nbkg: 1179 « 94 - 100  Nbkg: 991+ 66 =
50i— { 50 .
:“‘“r—!:_._a/ had i o i XLn
o AP N P B I e T, 0BT A T P PP B R ey, S e

22 24 26 28 3 32 34 36 38 4 222426283323435384
Mg, [GeV] Mee [GeV]

() (f)

FIGURE A.3 — Result of the simultaneous fit on data, presented for the same categories
showed in the previous figure. The blue line represents the total fitted PDF while the
red line corresponds to the [/ contribution, the green line to the {(2s) contribution,
and the yellow line to the continuous background.
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A.0.3 Resolution fit

Figure A.6 shows additional distributions for the step 1 (fit to MC) and step 2 (fit
to data) of the "Two-step method" used to extract the resolution terms.
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FIGURE A.6 — Some examples of fit to the dielectron invariant mass distribution both
in MC (left) and data (right), corresponding to step 1) and 2) respectively. Here all the
parameters of the (2s) peak have been scaled and fixed to MC, using a second fit with
a DSCB as PDF. This simplification reduces the accuracy of the final PDF with respect to
the one in equation 6.24 (see Figure 6.15), but due to the small yield of this background,
this effect is negligible.
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B Additional material for the

full Run-2 VH,H — bb
analysis

This Appendix collects additional material related to Chapter 8. The three macro-
arguments treated in the following Sections are the compatibility checks for the new
customized efficiency maps, the yield tables in 2-jet and 3-jet of all the samples in
1-lepton compared for "ICHEPStyle" tagging and "Hybrid tagging" and the valida-
tion in the O-lepton channel. And a last, some further examples of pruning of the
systematic uncertainties for the pseudo-continuous working point.

B.1 Compatiblity cross-checks for the new customized maps

Figure B.1 shows the bin-by-bin ratio between the official customized maps, pro-
duced merging 1-lepton and 2-lepton channels and the 2015-2018 data taking peri-
ods, and the maps produced with the 1-lepton and 2-lepton dataset separately. Both
b-jets and c-jets are shown.

Furthermore, Figure B.2 shows the ratios of the official customized maps of light-
jets and the maps obtained with 2015-2016 (left) or 2018 (right) datasets separately.
Fluctuations are expected due to the small statistics available.
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FIGURE B.1 - Ratio between the combined map and the control maps computed for b-
jets in (a - c) the 1-lepton channel and (b - d) the 2-lepton channel. The top maps refer to
Powheg+Pythia while the bottom maps are for Sherpa.
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B.2 Zero-lepton validation plots

Some examples of validation plots for the Z+jet samples in the 0-lepton channels,
showing the comparison between direct and truth tagged events in some key kine-
matic variables are shown in Figure B.3. The difference in yields is non-negligible,
but looking at the plots is visible that this difference comes from non-negligible fluc-
tuations in the direct-tagged sample, which are smoothed away when using a full
hybrid tagging approach.
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FIGURE B.3 — (a) AR(jet, jet) distribution in 2-tag 2-jet SR Z + bc events, (b) AR (jet, jet)
distribution in 2-tag 2-jet SR Z + bl events, (c) my, distribution in 2-tag 3-jet SR Z + bc
events and (d) my,;, distribution in 2-tag 3-jet SR Z 4+ bl events using (black) direct tagging
compared to (blue) the hybrid tagging computed with the new customized efficiency
maps.
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B.3 Yield tables for different tagging regimes

This Section shows a more detailed comparison of the yields and their related
errors in the two tagging regimes: the "ICHEP-Style" tagging, where the statistical
tagging is used only for V+cc, V+cl and V+] samples, and the "Hybrid" tagging in
which the statistical tagging is used for all the c- and light-jets in the event. The
differences in the yields is given by a reduction of the statistical fluctuations and in
most cases is covered by the statistical uncertainties of direct tagging. The yields in
the two singal regions 2-tag 2-jet and 2-tag 3-jet are showed in Figure B.1 and B.2
respectively.

1 ICHEPStyle Hybrid tag
sample yields | error | yields | error
data 13254.0000 | £115.1260 | 13254.0000 | +£115.126
ggZ11H125 0.3709 +0.0122 0.8042 +0.2332
qqZvvH125 0.0041 +0.0030 0.0044 £0.0030
qqZI1IH125 1.9454 +0.0190 1.9474 +0.0188
qqWIvH125 | 1159121 +0.2388 115.9361 +0.2379
ggZvvH125 0.0000 +0.0000 0.0001 +0.0001
WW 12.5579 +3.4871 8.7364 +0.3386
77 8.5995 +0.3078 8.7286 +0.2745
Wz 173.5595 +2.4720 173.3796 +2.2171
W1 44.6802 +1.4069 45.3436 +0.0732
Wcl 166.6967 +2.5569 166.7397 +0.3548
Wbb 1728.5203 | £16.9439 | 1728.0953 | £16.943
Wec 198.8104 +2.5223 199.6272 +1.5061
Whl 153.3839 +6.4058 157.7349 +0.4997
Whbc 278.6052 +7.9744 297.2878 +2.4629
Z1 2.5351 +0.1414 2.4255 +0.0197
Zcc 7.0323 +0.2574 6.6288 +0.2042
Zbl 11.6557 +1.7913 11.0889 +0.3048
Zbb 136.8253 +3.3241 136.8253 +3.3241
Zcl 4.9915 +0.4721 4.1121 +0.0759
Zbc 8.7381 +0.9770 8.8920 +0.3181
ttbar 8148.8335 | £26.9484 | 82429580 | £25.1407
stopWt 862.9928 +13.5861 853.9300 | £10.7041
stopt 975.7306 1+18.6347 970.8962 | +£17.7270
stops 327.5535 +3.2449 327.7739 +3.2334
Total Bkgd | 13252.7529 | £0.3119 | 13352.1670 | +0.2786

TABLE B.1 - Yield and Statistical errors comparison of the 2-tag 2-jet signal region in the
1-lepton channel using the 2015-2017 dataset at 80 fb~!. The left columns are extracted
from the "ICHEP Style" tagging, while the two right-most colimns are taken from a full
hybrid dataset.

B.4 Pruned uncertainties in the pseudo-continuous WP

To better handle the systematic variations in the final fit when moving to pseudo-
continuous b-tagging, an ad-hoc pruning has been implemented. The criteria are
applied to three tag-weight bins: [100-70]%, [70-60]% and [60-0]%. Figure B.4 show
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ICHEPStyle Hybrid tag
sample - :
yields | error | yields [ error

data 68362.0000 | £261.4613 | 0.8042 +0.2332
ggZ11H125 0.7794 + 0.0176 0.0044 £0.0030
qqZvvH125 | 0.0018 | +0.0008 | 1.9474 | +0.0188
qqZ11H125 2.7217 +0.0231 | 1159361 | +£0.2379
qqWIvH125 | 108.4877 + 0.2375 0.0001 +0.0001
WW 33.5761 + 3.7166 8.7364 +0.3386
ggZZ 0.8544 +0.1728 0.9621 +0.1716
Y4 12.0668 + 0.4177 8.7286 +0.2745
Wz 287.3037 +3.2966 | 173.3796 | +2.2171
Wi 87.7770 + 2.1481 45.3436 +0.0732
Wel 308.7161 +3.4464 | 166.7397 | +0.3548
Wbb 3720.0876 | =+ 25.8556 | 1728.0953 | +16.9438
Wec 387.4063 +3.7075 | 199.6272 | +1.5061
Whl 317.6732 =+ 9.6608 157.7349 | +£0.4997
Whbc 575.8297 | £12.0540 | 297.2878 | +2.4629
Z1 5.6938 + 0.3547 2.4255 +0.0197
Zcc 15.2022 £ 0.4598 6.6288 +0.2042
Zbl 26.2434 + 1.8006 11.0889 | +£0.3048
Zbb 303.7503 +4.8905 | 136.8253 | +3.3241
Zcl 10.9314 + 0.3994 4.1121 +0.0759
Zbc 20.5199 + 1.3009 8.8920 +0.3181
ttbar 56180.4306 | £ 75.6459 | 8242.9580 | £25.1407
stopWt 4139.0257 | +=31.4622 | 853.9300 | £10.7041
stopt 4684.2314 | +38.8028 | 970.8962 | +£17.7270
stops 448.3102 +3.7752 | 327.7739 | +3.2334
Total Bkgd | 71565.6250 | =£0.1342 | 13352.167 | +0.2786

TABLE B.2 - Yield and Statistical errors comparison of the 2-tag 3-jet signal region in the
1-lepton channel using the 2015-2017 dataset at 80 fb~!. The left columns are extracted
from the "ICHEP Style" tagging, while the two right-most colimns are taken from a full
hybrid dataset.

further examples for b-, c- and light- variations which fulfill the requirement of 1%
everywhere, and so have been pruned. Figure B.5 shows the efficiency maps which
have been used to do the reweighting. They have been calculated inclusively in 7
and with the same binning as the flavour tagging calibrations for each flavour.
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B.4. Pruned uncertainties in the pseudo-continuous WP
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Appendix B. Additional material for the full Run-2 VH, H — bb analysis
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FIGURE B.5 - Efficiency maps used to implement the weighted average of the eigenval-
ues in the [100-70]% bin. The maps have been computed inclusively in # and with the
same pr binning of the flavour tagging calibration for each flavour.
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