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Abstract

This thesis presents the measurement of the Higgs boson coupling to a pair of b-quarks.
The H — bb decay is predicted by the Standard Model to have a branching ratio of 58%,
the largest among all decay modes. Therefore, accessing this decay is crucial to constrain
the overall Higgs boson decay width.

The measurement is performed in the production process with a Z or W boson, whose
leptonic decays ensure high rejection of the multi-jet background and efficient triggering
of the signal signature. The analysis uses proton-proton collision data collected by the
ATLAS experiment during the years 2015-2018, as produced by the Large Hadron Collider
at a centre-of-mass energy of +/s = 13 TeV, corresponding to an integrated luminosity of
139 fb!.

The production of the Higgs boson in association with a Z or W boson is measured
with an observed (expected) significance of 5.3 (5.1) and 4.0 (4.1) standard deviations,
respectively, constituting the observation of the ZH process and the evidence of the WH
one. The measured signal strength of 15, = 1.02+%12(stat.)*{ 3(syst.) is highly compatible
with the Standard Model expectation. Differential measurements of the VH, H — bb cross
section are performed as a function of the vector boson transverse momentum, yielding
good agreement with theoretical predictions.

This thesis also presents performance studies of the impact of b- and c-hadron interac-
tions with the ATLAS pixel detector material on the tagging efficiency of jets originating
from b-quarks, known as b-jets. In addition, a new technique to identify b-jets without
using tracking information is presented and it is expected to significantly improve the
tagging efficiency at very high transverse momenta.






Kurzzusammenfassung

Diese Dissertation prasentiert eine Messung der Kopplung des Higgs-Bosons an ein b-
Quark-Paar. Das Standardmodell sagt fiir den H — bb Zerfall ein Verzweigungsverhaltnis
von 58% vorher, das grofSte aller Zerfallskanéle. Daher ist ein Zugang zu diesem Zerfall
essenziell um die Gesamtzerfallsbreite des Higgs-Bosons einzuschranken.

Die Messung wird fiir den Produktionsprozess mit einem Z- oder W-Boson durchge-
fiihrt, deren leptonische Zerfille eine gute Unterdriickung des Multijet-Untergrundes und
eine hohe Triggereffizienz fiir die Signalsignatur gewahrleisten. Die Analyse verwendet
die Proton-Proton-Kollisionsdaten des ATLAS-Experiments aus den Jahren 2015-2018,
die durch den Large-Hadron-Collider bei einer Schwerpunktsenergie von 139 fb~! bereit-
gestellt wurden.

Die beobachtete (erwartete) Signifikanz fiir die Produktion des Higgs-Bosons in Assozi-
ation mit einem Z- oder W-Boson betrégt 5.3 (5.1) bzw. 4.0 (4.1) Standardabweichungen,
was eine Beobachtung des ZH-Prozesses und einen Nachweis des W H-Prozesses darstellt.
Die gemessene Signalstirke von x2;, = 1.02+0:12 (stat.) *0:14 (syst.) ist sehr gut mit der Er-
wartung durch das Standardmodell vereinbar. Differenzielle Messungen des VH,H — bb
Wirkungsquerschnittes als Funktion des Vektorboson Transversalimpulses liefern eine
gute Ubereinstimmung mit den Vorhersagen der Theorie.

Diese Arbeit stellt ebenso Studien des Einflusses von Wechselwirkungen von 4- und
c-Hadronen mit dem Material des ATLAS-Pixeldetektors auf die Effizienz vor, mit der Jets
erkannt werden konnen, die von 5-Quarks stammen. Zusatzlich wird eine neue Technik
prasentiert, mit der diese sogenannten b-Jets ohne die Informationen der Spurdetektoren
identifiziert werden konnen. Es ist anzunehmen, dass diese Methode zu einer erheblichen
Verbesserung der Erkennung von b-Jets bei sehr hohen Transversalimpulsen fiihren wird.
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Introduction

The Standard Model (SM) of particle physics describes the fundamental constituents of
matter and their interactions. Developed in the 1970s [1-5], it successfully predicted
a wide variety of phenomena and showed an astonishing compatibility with almost all
measurements performed by different experiments over more than 50 years.

In the theoretical framework of the SM, special relativity and quantum mechanics are
elegantly unified by interpreting particles as excitations of quantum fields parametrised
according to a 4-dimensional space-time coordinate system. The fermions represent the
building blocks of matter, and can interact with each other through three fundamental
forces: electromagnetic, weak, and strong. They are mediated by gauge vector bosons
which emerge to preserve the local gauge symmetry imposed in the theory.

The mechanism which allows particles to have mass is not intrinsic to the SM as it
would violate the fundamental gauge invariance of the theory. This property can be
restored with the introduction of a scalar field, called the Higgs field, which spontaneously
breaks the electroweak symmetry through the Brout-Englert-Higgs mechanism [4, 5],
and gives mass to the gauge vector bosons. In the same way, fermions acquire mass by
interacting with the Higgs field through the Yukawa mechanism.

The Higgs boson represents the last particle predicted by the Standard Model and its
search has motivated the construction of the Large Hadron Collider (LHC), the world’s
largest particle accelerator. Almost fifty years after its prediction, the ATLAS [6] and
CMS [7] experiments at the LHC claimed the observation of a scalar particle with a
mass of around 125 GeV, compatible with the Higgs boson predicted by the Standard
Model. The discovery mainly relied on measurements of the Higgs boson decay to vector
bosons (H —» ZZ, H — yy, and H - W*W~) and the result was found to be in remarkable
agreement with the prediction of the Brout-Englert-Higgs mechanism and with the
predictions from electroweak precision measurements.

The first direct coupling of the Higgs boson to fermions that could be experimentally
confirmed, thus validating the Yukawa mechanism, was to r-leptons. This was observed
in the combination of the ATLAS and CMS measurements of H — 77 decays [8] using
the full dataset collected in the first Run of the LHC. During Run 2, the increase in the
LHC centre-of-mass energy and the larger datasets allowed more fermionic couplings to
be probed, with the goal of either confirming or observing deviations from the Yukawa
theory. The first significant result came from the observation of the 77H production mode
made by both ATLAS [9] and CMS [10] which, for the first time, probed the direct Higgs
boson coupling to the top-quark.

While the top-quark is too heavy to allow for the decay of an on-shell Higgs boson to a
pair of top-quarks, the H — bb decay is kinematically allowed and represents the most
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direct and powerful way to probe the coupling of the Higgs boson to the bottom-quark. It
is predicted to have the largest branching ratio (~58%) [11,12] for my = 125 GeV, however,
the large background from the multi-jet production makes this search very challenging
at hadron colliders. The most sensitive production mode to detect the H — bb decay
mode is the associated production of the Higgs boson with a vector boson, Z or W, whose
leptonic decays ensure efficient triggering and a significant reduction of the multi-jet
background. The observation of the VH, H — bb process was claimed in 2018 by both
the ATLAS [13] and CMS [14] experiments based on the combined datasets collected in
the first and second Run of the LHC. The result provided a further confirmation of the
validity of the mass generation mechanism and, at the same time, set strong limits on
possible beyond the Standard Model physics.

As in the VH, H — bb analysis, many other analyses utilize 5-quarks in the final state.
Therefore, the correct identification of the jets originating from »-quarks represents a
fundamental task for the ATLAS experiment. In the current ATLAS simulation infras-
tructure [15], the GEANT4 software [16] does not take into account detector material
interactions for the b- and c-hadrons, but only for their decay products. When traversing
a pixel layer, the b-(c-)hadron can interact with the material leaving a hit that can be mis-
takenly associated to the track of one of its decay products. Studies have been performed
to evaluate the impact of this effect on the tagging efficiency of b-jets and extrapolation
uncertainties have been derived as a function of the b-jet transverse momentum.

To cope with the decrease in the track reconstruction efficiency for very high transverse
momentum b-jets, a new tagging algorithm has been developed based on the difference
in the number of hits counted in subsequent pixel layers. Preliminary studies on the per-
formance of this new approach are shown in this thesis, but more detailled investigations
will be needed to assess if the algorithm can be used to complement the track-based
b-tagging algorithms improving their performance at high transverse momentum.

In this thesis the theoretical framework of the SM is described in Chapter 1, as well as
the phenomenology of proton-proton interactions. The experimental setup i.e the ATLAS
detector is outlined in Chapter 2, while the description of the techniques employed to
reconstruct and identify the objects used in the analysis are summarised in Chapter 3.
Chapter 4 provides a detailed description of the algorithms used to perform flavour
tagging in ATLAS, while Chapter 5 summarises the performance studies of the impact
of b- and c-hadron interactions with the ATLAS pixel detector material on the tagging
efficiency of b-jets, as well as the studies on the new trackless b-tagging algorithm. The
VH,H — bb analysis is extensively described in Chapter 6, with particular attention to
the main contributions of the author, i.e the modelling of the vector boson plus jets
background with the implementation of a multivariate reweigthing technique, the studies
on the fit stability and reliability, as well as the fit results of the main VH analysis, and
the cross-check VZ and di-jet mass analyses.



Theoretical Framework

The Standard Model (SM) of elementary particles is the theoretical framework that de-
scribes the fundamental constituents of matter and their interactions, and provides
a mathematical formulation of the strong, weak and electromagnetic forces!. The
Brout-Englert-Higgs mechanism predicts the existence of a scalar boson field able
to explain the mechanisms of mass-generation for all constituents of the theory.

Forty years of precision measurements at collider experiments have proven the re-
markable capability of the SM not only in describing experimental observations, but
also in providing predictions with a high level of accuracy. The weak force carriers, W
and Z, were predicted by the electroweak model and eventually discovered at the Super
Proton Synchrotron [17, 18]. In the same way, the top quark was predicted to complete
the isospin doublet with the b-quark and its existence was finally confirmed at the Teva-
tron [19, 20] after 20 years of searches. The latest confirmation to the SM formalism is
represented by the discovery of a new scalar particle highly compatible with the predicted
Higgs boson [6, 7], the last missing piece of the theory.

Although the SM has provided so far the most accurate description of the fundamental
particles and their interactions, several experimental indications are left unexplained by
the theory. For example, the matter-antimatter asymmetry in the Universe, the origin
of the neutrino masses, and the nature of the dark matter can only be explained by
adding additional terms to the SM formalism. Many Beyond the SM (BSM) theories have
been developed to extend the current theoretical framework, which is believed to be a
low-energy limit of a more fundamental theory, but no experimental observation has yet
confirmed one particular scenario.

The scope of this chapter is to introduce the theoretical framework used in this thesis,
with particular attention to the formulation of the scalar Higgs sector. Furthermore, a
discussion on the Higgs boson searches at the LHC will be provided, together with an
overview of the physics of proton-proton collisions used to produce the data analysed in
this work. The discussion is mainly based on Refs. [21-27].

1.1 Standard Model Formalism

The Standard Model is a renormalizable quantum field theory (QFT)? unifying quantum
mechanics and special relativity.
In the theory of relativity, the well known relation between energy and mass E = mc?

IFitting gravity in the Standard Model theoretical framework has proven to be very challenging and it is
currently an active research area.

2 A renormalizable QFT is a theory in which every divergence in the calculation can be regularised and
cancelled, yielding finite expressions for measurable quantities [21].
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implies that the number of particles of a system can not be defined a priori. In order to
make quantum mechanics compatible with special relativity, it is necessary to abandon
the concept of a single particle wave function. In fact, according to quantum mechanics,
each particle of a system is represented by a wave function depending on the time and
the three-dimensions space coordinates, y(x,), whose |4|> gives the probability density
of finding the particle at a given point in the space at a certain time. This formulation
implies the conservation of the number of particles of the system which is in contrast
with the relativistic principle.

In the relativistic formulation of quantum mechanics, the wave function of a single
particle is promoted to a field depending on the four-dimensions space-time coordinates
and described by a set of operators able to create or destroy particles. This procedure is
called second quantization® of the theory.

The dynamic of a quantum field system can be written in terms of a Lagrangian den-
sity L(x) depending on the space-time coordinates x and having dimension four in
momentum-energy. Given that the physics of the system and the equation of motion are
required to remain the same in every inertial reference system, this Lagrangian density
must be invariant under Lorentz transformations, which are applied identically to every
space-time point. Furthermore, £ is also required to be invariant under a continuous
group of local transformations called gauge symmetries, which can act differently at any
point in space-time.

The constituents of matter, called fermions, are represented by spinors  with spin 1/2,
whose free dynamic is described by the Dirac Lagrangian:

L=y(iy"d, —my, (1.1)

with y# the Dirac matrices and m the mass of the fermion. Fermions interact with each
other through the exchange of integer spin bosons mediating the electromagnetic (pho-
ton), weak (W* and Z°) and strong (gluons) forces. These naturally arise in the theory
from the requirement of local gauge invariance. In fact, local change of phase of the
fermionic field leads to phase differences which would be observable if not compensated
for in some way [21]. The introduction of new bosonic fields, whose transformation
property cancels out with the one of the fermionic fields, restores the gauge invariance
of the Lagrangian.

An example of this can be made considering Quantum Electrodynamics (QED) [28],
the theory describing the interaction between charged fermions and the electromagnetic
field. The corresponding Lagrangian can be initially written as the sum of the Dirac
Lagrangian describing the free propagation of a fermion and the covariant representation
of the electromagnetic field described by Maxwell equations [29]:

- 1
L= w(l’yﬂaﬂ —my+ ZF#VF;JV’ (1.2)

3This term is used to differentiate the quantization in QFT theory with respect to the quantization of
classical mechanics which does not respect Lorentz invariance.



1.1 Standard Model Formalism 5

where F,, = d,A, — 0,4, is the electromagnetic tensor. This Lagrangian is invariant under
global transformations of the U(1) group but, in order to be invariant under local gauge
transformations described by the continuous function a(x):

Yy — &y, (1.3)

the derivative 9, must be replace by its covariant formulation:

Dy = (0, +ieA )Y, (1.4)

where e is the fermion electric charge and the field A, is a gauge vector field transforming
as:

Ay — Ay - éﬁﬂa(x). (1.5)

This way, the Lagrangian in Equation 1.2 can be re-written as:

- 1 - 1 _
L=y(iy*Dy,—myy - ZFWFW = y(id —my — ZFWF#V — ey Ay, (1.6)

with @ = "9, and 4 = y*A,.. The term —ey4y represents the interaction between the two
Dirac spinors and the photon field. This interacting Lagrangian encodes the mathemati-
cal expression of the electromagnetic vertex which can be visualized via the Feynman
diagrams’ prescription [30] and used to calculate the cross section of many EM processes,
for example the Compton scattering. The QED fundamental vertex is shown in Figure 1.1.

= —jeQ/~"

Figure 1.1: Fundamental QED vertex according to Feynman diagrams’ prescription. The
spinor ¢ represents a fermion of charge Q.

According to Noether’s Theorem [31], if the Lagrangian density is invariant under a
continuous group of transformations, the system contains as many conserved currents
along the equations of motion as the number of parameters describing the group. The
interacting Lagrangian in Equation 1.6, is invariant under transformations of the gauge
group U(1) which leads to the conservation of the electric charge.

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

SUG3)c x SUR), x U(1)y. (1.7)

This group can be divided into separate groups: SU(3)c describes the strong sector in
which the conserved charge is the color (C), while SU(2);,x U(1)y describes the electroweak
sector with the weak isospin (L stands for “left-handed”) and the hypercharge (Y) as
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conserved currents. The full Lagrangian describing the SM theory can be written as the
sum of the following pieces:

Lsm = Locp + Lew + Liiggs + Lyukawas (1.8)

where Lgcp is the Lagrangian of the strong interactions, also called Quantum Chromo-
dynamics, Lgw is the Lagrangian of the electroweak interactions, and Lyiggs, Lyukawa are
the Lagrangians of the Higgs sector.

1.1.1 Fundamental particles

In the Standard Model, fermions are divided into three generations, each of them con-
taining an up- and a down-type quark, a charged lepton, and a neutral lepton called
neutrino. The three generations can be distinguished by the mass of the constituent
particles that differs by many orders of magnitude. For each fermion generation there
exists an anti-fermion with the exact same properties, but opposite electric charge.

Quarks are color-charged particles divided into up- and down-type quarks depending
on the carried electric charge, 2/3 for up-type quarks and -1/3 for down-type quarks. The
name “up” and “down” are taken from the names of the quarks belonging to the first
generation. The second generation contains the charm and the strange quarks, while the
third contains the top and the bottom quarks. Among all fermions, the quarks are the
only elementary particles subject to all three fundamental forces. The quark flavour is
conserved in the strong and the electromagnetic interactions but not in the weak one. In
particular, the relation between the weak eigenstates and the mass eigenstates is encoded
in the Cabibbo- Kobayashi—Maskawa (CKM) unitary and complex matrix Vcgm [32, 33]-
The highest values of the probabilities are for transitions within the same family (|V,4l,
[Vesl, |Vip|) while the lowest values occur when the mixing is between the first and the
third generation (|V,,| and |V ,]).

Leptons do not carry color charge, therefore they interact only via the electroweak
force. Each generation of leptons is divided into two categories according to the electric
charge: the electron (e), the muon (1) and the tau (r) carry one unit of electric charge,
while the three corresponding neutrinos v,,v,, v, are neutral, therefore they can interact
only via the weak force.

The electromagnetic, weak and strong forces are all mediated by spin-1 bosons. The
electromagnetic interaction between charged particles is mediated by the exchange of a
photon, which is massless and neutral. The massive W* and Z° bosons are the mediators of
the weak interaction. The W* and W~ bosons carry +1 and -1 electric charge, respectively,
while the Z° boson is neutral. The strong interaction is mediated by eight massless bosons
called gluons, each carrying color charge, and so are subject themselves to the strong
force. The last piece of the SM is the massive and neutral Higgs boson whose associated
field gives mass to all elementary particles of the theory except for neutrinos. However,
the observation of neutrino oscillations [34] proves that neutrino must be massive.
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Figure 1.2: Classifications of the Standard Model particles. Fermions are divided into quarks
and leptons which are, in turn, split into three generations depending on the mass. Each
generation of quarks contains an up-type and a down-type quark, and each lepton family
contains a charged and a neutral lepton. The three fundamental forces are carried by spin-1
bosons while the interaction of the elementary particles with the Higgs boson gives them a
mass. The contours show which fermions are subject to which force [38].

Furthermore, from studies of the g decay of tritium [35], their masses are expected to be

below O(1eV). Similarly to the quarks, the transition between flavour eigenstates and

mass eigenstates is described by the Pontecorvo-Maki—Nakagawa—-Sakata matrix [36,37].
A scheme of the classification of the SM particles is shown in Figure 1.2.

1.1.2 Quantum Chromodynamics

Quantum Chromodynamics (QCD) is the theory describing the strong force. It is based
on a SU(3)c symmetry group with color (red, blue and green) as conserved charged. The
strong force is mediated by eight massless and colour-charged gluons which interact also
among themselves due to the non-abelian* structure of the SU(3)c¢ group. The Lagrangian
of the QCD can be derived following the same procedure as for the QED Lagrangian. The
free QCD Lagrangian is required to be invariant under gauge transformations of the

SU(3)¢ group:

4A non-abelian gauge symmetry group is a set of gauge transformations which do not obey the commutative
law.
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i@(x)-T

gi(x), (1.9

gi(x) > e

where ¢; is the Dirac spinor describing a quark carrying color i, @(x) = a1,...,ag is a vector
of eight parameters as a function of the Lorentz coordinates x, and the group generators®
T =T,,..,Ts are linearly independent traceless 3 x 3 matrices introduced by Gell-Mann to
generalize the SU(2) Pauli matrices to a SU(3) theory. The QCD Lagrangian is therefore
written as:

Locp = Z iy D" —m)ijq;— %GZVG/;V, (1.10)
flavours
with i and j color indices of the quarks running from 1 to 8, and « color index of the
gluons running from 1 to 8. The covariant derivative D, and the field strength tensor G,
have the following forms:

Dy = 8y, + i, T,A, (1.11)
G/alv = 611A3 - BVAZ - asfabCAy,bAv,c, (112)

with a, the coupling constant quantifying the strength of the interaction between quarks,
Ay, the gluon fields, and f:¢ the structure constants defining the Lie Algebra® of SU(3)c.
The non-abelian term a,f>°A, »A, . leads to tri-linear and quartic self-interactions of
gluons which represents the main difference between QED and QCD. The coupling
constant «, depends on the transferred momentum in the interactions Q*: when Q? >
Aqcp ~ 200 MeV, the quarks are considered as asymptotically free, while at lower energies
the coupling constant increases resulting in the confinement of the quarks in colourless
bound states called hadrons. The phenomenon of confinement is related to the potential
energy of the QCD force, which is dominated by V(r) ~ r at high distances between
the quarks. This means that extracting a quark from its bound state is energetically
disfavoured such that new quark-antiquark pairs come from the vacuum to form new
hadrons with the original quarks. This process is called hadronization and it is the reason
why quarks and gluons are not observed as free states but, instead, are always confined
into colourless bound states. Hadrons can be mesons if they contain a quark and an
anti-quark, or baryons if they contain three quarks.

> Any transformation of the symmetry group can be obtained by a linear combination of the generators of
the group with some coefficients.

5The Lie Algebra defines the commutation rules to which the generators of a symmetry group obey. In
SU(3)¢ the commutation rules among the generators are encoded in the relations:

[Ta,Tb] =i abcTc (1.13)
[[T% TP, T 1+ [[T?, T, T + ([T, T%], T’ = 0 (1.14)
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1.1.3 Electroweak Sector

The electroweak theory is the unified theory describing the electromagnetic and weak in-
teractions in the framework of the SU(2); xU(1)y gauge symmetry, proposed by Glashow [1],
Weinberg [2] and Salam [3], independently.

Two types of weak interactions are experimentally observed: the charged current and

the neutral current interactions. The first are mediated by a charged boson, W* or W,
and involve only particles with left-handed chirality’. A pioneering theory based on a
four-fermion interaction was proposed by Fermi in 1934 [40] to explain the phenomenon
of B decay, however, the Lagrangian of the theory was only valid at leading order with no
predictive power for higher corrections.
The second type of interactions involving neutral current are mediated by the neutral
boson Z° and involve also particles with right-handed chirality. Predicted by the GSW
model, they have been a puzzle of particle physics until their discovery in 1973 at the
Gargamelle experiment [41].

After the discovery of parity violation in weak interactions, such as the asymmetry
in the angular distribution of the products in the g~ decay by Chien-Shiung Wu [42], it
became clear that the Dirac spinors had to be split into left-handed and right-handed
chirality components, and that the weak interactions allowed only for couplings between
left-handed particles and right-handed anti-particles. Mathematically, the Dirac spinor
can be projected onto its left-handed and right-handed chirality components using the
y® Dirac matrix:

1

Y= Py =5 -V, (1.15)
1

vr =Py =1 +Y . (1.16)

In this formulation, left-handed particles are grouped in doublets:

Ve u Yy c Ve t) 117
(e)L (d)L, (:U)L (S)L, (T)L (b L’ (1D
while right-handed particles form singlets:

€R, UR, TR, UR, dR9 SR> CR, bRa IR. (1‘18)

A right-handed neutrino is not introduced since there is still no observation of this
particle. For the Lagrangian of the electroweak interactions to be invariant under the
gauge symmetry group SU(2); xU(1)y, the spinors ¢, and ¥ need to transform according
to a non-abelian SU(2) rotation and a local change of phase of U(1):

"The chirality defines whether the particle transforms in a left- or right-handed representation of the
Poincaré group [39]. It is also 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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WL — o T0T/2 eiﬂ(x)YwL R — eiﬁ(x)YlpR, (1.19)
SU@),, u(1) U

with @(x) a vector of three parameters as a function of the Lorentz coordinates x, & the
Pauli matrices generating SU(2), B(x) a real parameter, and Y the generator of the U(1)
group.

According to Noether’s theorem, the invariance of the Lagrangian under these trans-
formations leads to the conservation of two quantities: the isospin T and the hypercharge
Y. The latter, is related to the electric charge and to the third component of the weak
isospin following the Gell-Mann-Nishijima relation:

Y =2(0-T;). (1.20)

To preserve the invariance of the Lagrangian after the fields transformations (see
Equation 1.19), the covariant derivative takes the form:

Y
D, :6H+igWﬁTa+ig’By§, (1.21)

where T are the three components of the weak isospin, built via the Pauli matrices
T4 =0/2 (a = 1,2,3), and Y is the group generator of weak hypercharge. Enforcing a
gauge invariance on the Lagrangian introduces four gauge bosons, three Wj (a = 1, 2, 3)
for the SU(2);, group and one for the U(1)y called B,. The coupling constants between
the fermions and these new bosons are indicated as g and g’.

Considering only massless particles, the full electroweak Lagrangian becomes:

Dl ol 1 a v 1 v
Lew = W1y Db+ Wy Dur = 7 Wi, Wa' = 7 BB, (1.22)
where:
Wi, = 0,W¢ —0,W — geawc W W5, (1.23)
Byv = aqu - 8VB,u, (1.24)

are the tensor fields describing the three SU(2);, vector fields Wy (a = 1,2,3) using the
structure constants 4., and the single vector field B, of U(1)y.

The physical fields corresponding to the experimentally observed vector bosons W+,
7%, and y can be obtained as linear combinations of the above four fields:

A= sinHWWS +cosOwB,, (1.25)
Z,= cos@wWi —sinfyB,, (1.26)
wlziw?
wE= £ £ (1.27)
g V2

where A, is the physical field describing the photon, while Z, and W;; describe the vector
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bosons Z° and W*, respectively. The angle 6y represents the mixing angle of the weak
interactions and is called weak mixing angle (sometimes called Weinberg angle). It can
be written in terms of the coupling constants g and g’ and can be determined at leading
order from the measurement of the W* and Z° masses:

’

sinfy = - S cosfy = 8

"g2+g/2 ,[g2+g/2
The fundamental vertices for the weak charged and neutral currents are shown in
Figure 1.3.

(1.28)

(@

_ 1S s
= —igag 2y — ca7”)

(b)

Figure 1.3: Charged and neutral currents vertices according to Feynman diagrams’ prescrip-
tion. The terms c{, and cj; are the vector and axial couplings of the fermion type f of charge
0/ and can be written as: c{, = T{ —2sin?0ywQ’ and ci; = T{ .

Any predictive theory should be renormalizable i.e. there must exist a procedure
that eliminates the infinites arising in the calculation of physical quantities, such as
cross sections and decay rates, at low and high energies (named infrared and ultraviolet
divergences, respectively 8). To cure these divergences, the parameters and fields of the
theory are redefined as a function of a renormalization scale to absorb the infinities, yield-
ing finite measurable quantities. This procedure is generically named renormalization;
more details can be found in Refs. [21,43]. In order to formulate a renormalizable elec-
troweak theory without breaking the symmetry, its Lagrangian must not contain mass
terms. This means that both gauge bosons and fermions in the EW theory are massless.
The masses are generated, without breaking the renormalizability, through the mecha-
nism of spontaneous electroweak symmetry breaking, also known as Brout—Englert-Higgs
mechanism.

8The infrared divergences come from the region of integration where the momentum in the loop tends to
zero. The ultraviolet divergences come from the region of integration where the momentum in the loop
tends to infinity.
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1.2 Mass generation and Higgs mechanism

The electroweak Lagrangian in Equation 1.22 has been written assuming massless parti-
cles, as the introduction of a mass term myny = my ;g + myryy; would mix the left-handed
and right-handed components breaking the symmetry. Instead, the masses are generated
through the mechanism of spontaneous breaking of the electroweak symmetry according
to which breaking the SU(3). x SU(2);, x U(1)y symmetry into SU(3) x U(1)y gives mass to
the weak bosons of SU(2);, while photon and gluons remain massless. Fermion masses,
instead, are generated by the Yukawa interaction terms with the Higgs field.

1.2.1 Brout-Englert-Higgs mechanism

The Brout-Englert-Higgs mechanism [4, 5] starts with the introduction of a doublet of
SU2). xU(1)y:

¢0

The Lagrangian associated to this field can be written as:

¢ = (‘/’+). (1.29)

Litiggs = (Do) (D*¢) - V(9), (1.30)

where the covariant derivative is the same as in Equation 1.21 and the potential V(¢) has
the following form:

V() = (@7 ¢) + A 9) = —21gl” + Al (1.31)

This potential contains a mass term with constant x?, and a self-interaction term with
coupling constant A > 0 which allows the energy to be bounded from below. Depending
on the value of y, the potential V(¢) assumes different shapes:

1. 4% > 0 : the potential has a unique minimum at ¢ = 0 corresponding to the ground
state, i.e the vacuum. This means that the ground state has zero vacuum expecta-
tion value and that the Ly;ges describes a scalar particle with mass 1% and massless
gauge bosons;

2. 4% <0 : the ground state has a non-zero vacuum expectation value.

Since the vector bosons of SU(2);, are observed to be massive, x4 is assumed to be <0
and the potential then shows the shape of a “Mexican hat”, as shown in Figure 1.4. In
this case, the expectation value of the vacuum (VEV) can be derived by minimizing the
derivative of the potential:
_2

d‘;—;@ﬂ) > = % (1.32)
and it is measured to be v = 246.22 GeV [45] from its relation with the W boson mass (see
later).
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@ >0 ®) 1* <0

Figure 1.4: Effective potential for different values of y? [44].

The SU(2);, x U(1)y is spontaneously broken when the system falls into one of the
multiple ground states, for example:

1 (0
¢0_$(V). (1.33)
Expanding around the chosen ground state, the field can be written as:
1 0
¢(x) = @ (V+H(x) ) , (1.34)

with H(x) a real scalar field. Evaluating the kinetic term (D,¢)"(D*¢) of the Lagrangian
in Equation 1.30 in ¢(x):

(Do) (D) = (3,0)7(89) + ' (gW,,- T) + %(B,, Y)Y = (1.35)
2 2
= (0,0 (0"¢) + (@) Wi WH + % ( @2 +g7 (v J;H)) 77", (1.36)

the observable gauge bosons W,; and Z, defined in Equation 1.25 appear and their mass
is related to the VEV? with coupling constants g and g’:

2

v v . my,
my=5g and  mz=_4[g?+g?  with ————=1. (1.37)
2 2 m2, cos? Oy

As expected, there is no mass term for the A, field therefore the photon remains massless.
The other terms in Equation 1.36 of the covariate derivative account for the interaction

9From the relation between the W boson mass and its coupling g with the Higgs boson, the vacuum
expectation value can be derived as:

with G the Fermi constant measured from the weak muon decay.
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between a single or two Higgs bosons with a pair of massive gauge bosons, as well
as trilinear and quartic self-interactions of the Higgs boson. The different types of
Higgs boson interaction vertices are represented in Figure 1.5 according to the Feynman

diagrams’ prescriptions.

H
1% v 7
/
s
s - .m%, m
Ho =9t gm X R
_____ - 0 9 N
N
N
1% \% N H
@) (b)
H H
H\ N /s
AN AN /
AN N 7/
N 2 N 7/ .m?2
— ;M = —3i—
>— ————— H =-3 ” >< ‘_Igl
s s N
s s N
s s N
H” H 7 NH
© @

Figure 1.5: Higgs boson interaction vertices according to Feynman diagrams’ prescription.
Figures (a) and (b) describe the Higgs boson interaction with the vector bosons W* or Z°,
while (c) and (d) represent the self-couplings of the Higgs boson.

The mass of the Higgs boson field can be derived by evaluating the Lagrangian in
Equation 1.30 in the field ¢(x) defined in Equation 1.34 and is given by:

my = V2 |ul = V2. (1.38)

1.2.2 Yukawa coupling to the fermion sector

The fermions acquire mass by interacting with the Higgs boson field. As the introduction
of ad-hoc mass terms would break the gauge invariance of the electroweak Lagrangian,
the interaction is expressed in terms of an invariant Yukawa Lagrangian of the form:

Lyukawa = —&ffuLLplR +h.c, (1.39)

where L, is the left-handed doublet for leptons or quarks, I is the correspondent right-
handed singlet and ¢ is the Higgs boson field. Expanding the Higgs field around the
ground state, the Lagrangian becomes:

Vo= H(x)-
Lyukawa = _gffH$lLlR - gffHWlLlR +h.c., (1.40)
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where it can be observed that the Higgs boson coupling to fermions is proportional to
the fermions mass:

1%

Me=—grrg—. (1.41)
f frH NG
The Higgs-to-fermion interaction vertex is illustrated in Figure 1.6.
f
H o . 77lf
______ -
f

Figure 1.6: Interaction vertex of the Higgs boson to fermions as defined by the Yukawa
theory.

1.3 Higgs boson searches at the LHC

The discovery of the Higgs boson by the ATLAS and CMS experiments at the LHC was
a crucial step in the history of particle physics. It finally confirmed the mechanism of
electroweak symmetry breaking and marked the beginning of the Higgs precision era.
This section introduces a phenomenological approach to study the Higgs boson, focusing
on detectable production and decay modes.

1.3.1 Higgs boson production modes

At the LHC, there are several Higgs boson production modes coming from quark or gluon
initiated collisions. Given the high density of low momentum gluons inside the proton,
gluon-gluon fusion (ggF) is the dominant process with a cross section of ~ 49 pb for
the production of a Higgs boson with mass my = 125 GeV at 13 TeV [12]. As seen in
Section 1.2.2, the coupling of the Higgs boson to the fermions is proportional to their
mass, therefore, the production is mainly mediated by a loop of heavy top quarks. As the
only particle produced in the interaction is the Higgs boson, as shown in Figure 1.7 (a),
this mode is characterized by a small transverse momentum.

The cross section of the second largest production mode, vector boson fusion (VBF), is
an order of magnitude smaller than the ggF one. The Higgs boson is produced within
the rapidity gap'® of two high energy jets produced in the forward and backward regions.
The correspondent Feynman diagram of this production mode is shown in Figure 1.7 (b).

The third production mode is the Higgs-Strahlung (VH) shown in Figure 1.7 (c), where
the Higgs boson is produced in association with a vector boson (W* or Z°). Its cross

10As explained in Chapter 2, the rapidity is defined as y = ln( ?_’zi

momentum along the beam axis

) where p; is the projection of the particle
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section is very small, but the leptonic decays of the vector boson help to suppress the

QCD background, enhancing the signal sensitivity.

The production mode having the smallest cross section is the associated production
with top quarks (¢zH) and is particularly important for the measurement of the Higgs

boson coupling to the top quark.

The cross sections of the four production modes at a centre-of-mass energy of /s =13

TeV are shown in Figure 1.8.

(a) Gluon gluon fusion

(c) Higgs-Strahlung

Figure 1.7: Feynman diagrams of the four Higgs production modes at the LHC.

L

=
o

o(pp - H+X) [pb

Figure 1.8: Cross section as a function of +/s for a Higgs boson of mass my = 125 GeV. The
blue line is the cross section for the ggF production mode, the green and the black ones are
the cross sections for WH and ZH, respectively, and the violet line is the #H cross section [46].

- M(H)= 125 GeV =

6 7 8 9 10 11 12 13 14 15
s [TeV]

¥ \000000000) —<——
H

(d) Associated production with z-quarks
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1.3.2 Higgs boson decay channels

The probability for a particle to decay into a specific final state X is given by the so-called
Branching Ratio (BR), defined as the ratio of the partial decay width!! of the specific final
state over the total decay width of the particle, which is calculated as the sum over the
partial decay widths of each final state X;:

I'H — X)

(1.42)

Due to its mass, the Higgs boson can decay only into particles kinematically allowed. For
instance, the top quark is too heavy to allow for the decay of an on-shell Higgs boson to
a pair of t-quarks, therefore, the Higgs coupling with the top quark can only be directly
probed via the ##H production mode. In the same way, in case of the decay to two W or Z
bosons, at least one of them has to be produced off-shell, reducing the probability for
this decay mode.

Figure 1.9 shows the Standard Model Higgs boson decay branching ratios in the 120-
130 GeV Higgs mass range, but in the following the BR(my = 125 GeV) will be considered.
The bb decay mode is dominant with a BR of ~ 58%, however, it suffers from a large
contamination of QCD processes. It represents the decay mode studied in this thesis and
more details are given in Chapter 6. The decay into c¢ has a low branching ratio and, as
the bb decay mode, it is largely contaminated by QCD processes like gg — c¢. For this
reason, this channel has not been observed yet. The couplings to leptons are opened
thanks to the decay into 77. However, this is also contaminated by the QCD background
yielding to a poor signal over background ratio. The decays to lighter leptons like muons
are also allowed but they are largely suppressed due to the very small mass of these
particles.

Among the bosonic decay channels, the decay to WW has the second largest BR at
my = 125 GeV. The W bosons can subsequently decay into a quark/anti-quark pair or
into a lepton and a neutrino. In the first case, this decay is overwhelmed by the QCD
background, while the presence of the neutrino results in alow mass resolution. A cleaner
channel, at the price of a much smaller BR, is given by the decay to ZZ, each of them
decaying into a pair of charged leptons (e or u).

Decays into massless gauge bosons are also possible requiring loops of virtual heavy
quarks (r or b) or heavy gauge bosons. The decay into a pair of gluons has the third
largest BR among the bosonic decay modes, but it is also indistinguishable from the QCD
background. On the contrary, the decay to two photons has a much clearer signature
and a very good mass resolution. For these reasons, H — yy together with H —» ZZ* — 41
have been chosen as “golden channels” in the search for the Higgs boson at the LHC.
A similar decay H — Zy is also possible but it has a much smaller BR when considering
Z — e*e” and it is contaminated by the Z radiative processes.

The decay width of a process I is the probability per unit time that a given particle will decay.
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Figure 1.9: Higgs boson decay branching ratios in the 120-130 GeV mass range [46].

1.3.3 Higgs boson discovery

The first direct observation of a new boson compatible with the Higgs boson was an-
nounced in July 2012 by both ATLAS and CMS Collaborations [6, 7]. The dataset used
by both experiments was collected at 7 TeV in 2011 and 8 TeV in 2012. An excess was
found around a mass of 125 GeV, based on a combination of all analyses available at
the time, with the main contributions coming from the H — ZZ* — 41, H — yy and
H — W*W~ — [*v;I"¥; channels.

Figure 1.10 shows the di-photon and four-lepton invariant mass distributions for the
ATLAS experiment. An excess of events is visible at the same mass in both channels.

The latest available combination of the ATLAS and CMS analyses in the H — yy and
H — ZZ* — 4] dates back to the end of Run 1 with a measured mass of [47]:

myg = 125.09 +0.24(stat) + 0.11(syst) GeV. (1.43)
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Figure 1.10: Di-photon (a) and four-lepton (b) invariant mass distributions for the 4.8 fb~!
and 5.8 fb~! datasets collected by ATLAS detector at 7 TeV and 8 TeV, respectively [6].

1.4 Simulation of proton-proton collisions at the LHC

The Lagrangian formalism discussed so far provides the necessary tools to build mea-
surable observables of the dynamics of elementary particles such as the cross section
of a process. This represents the probability for two initial particles a and b to interact
and produce the final state c. It can be written using Fermi’s golden rule [48,49] stating
that the reaction rate is proportional to the product of the phase space and the absolute
square of the amplitude term:

1
G ap—e & fF |Mub—>c|2(q)) do, (144)

with F the incident flux, |M,_|*(®) the transition amplitude squared proportional to the
so-called matrix element, and d® the phase space element of the final state.

1.4.1 Definition of cross-section for pp collisions

The formalism introduced in Equation 1.44 for a proton-proton collision is complicated
by the composite nature of the protons which are made of three valence quarks (uud)
and virtual pairs of quarks, referred to as sea quarks, and gluons. All components are
referred to as partons. When the energy of the proton is much higher than the binding
force between its constituents, the interaction happens between two asymptotically free
quarks or gluons carrying only a fraction of the total momentum of the incoming protons.
At the same time, multiple low energy interactions take place between the other partons,
which are usually a source of QCD background for many analysis.

The general formula of the cross section for a collision between proton A and proton B
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at a centre-of-mass energy s is given by the factorization theorem:

1
O aB—c(S, 1R, 1UF) = Z ffdxa dxp faa(Xasir) fo8(Xbs 1F) Gab—se(Ss R, 1F), (1.45)
a,b 0 0

where the partonic cross section ;. occurs at a reduced centre-of-mass energy § =
Xqxps, With x, (x;) the momentum fraction carried by parton a (b). It can be written as a
perturbative sum of matrix elements weighted by the strong coupling a;:

Nocp

Fapoe =05 D &t ™G, g, ), (1.46)
n=0

where the coefficients ¢ encode the kinematic of the process, k is the lowest possible
order of the strong coupling for such process, and the terms in the sum define the order
of the calculation. If only the first term is present (n = 0), the calculation is said to be
at Leading-Order (LO) and represents the tree-level process. The term with n = 1 defines
the Next-To-Leading-Order (NLO) calculation while the expansion up to n = 2 is the
Next-To-Next-To-Leading-Order (NNLO) and so on. Most of the current event generators
(see Section 1.4.2 for more details on the event simulation) employ LO or NLO matrix
elements. In order to take into account higher order corrections, the so-called k-factor is
used to reweight the LO (NLO) cross section and it is obtained by the ratio of the total
NLO (NNLO) cross section to the LO (NLO) one.
The partonic cross section also depends on the renormalization scale ug through the cou-
pling constant «; in order to absorb singularities arising from virtual loop contributions
at each order of the calculation.

The functions f,/a(xs ur) and fi,5(xs,1r) in Equation 1.45 are the parton density func-
tions (PDFs) representing the distribution of quarks/gluons carrying a fraction x of the
total momentum of the proton. The dependency of the PDFs on the factorization scale
(ur) is introduced to renormalise the singularities arising from collinear gluon emission
and gluon splitting. The PDFs are typically derived in Deep Inelastic Scattering (DIS)
experiments (e.g. HERA) [50, 51] at a certain energy scale QS (which is typically the
momentum transferred in the hard scattering) and extrapolated to any energy scale using
the Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP) evolution equations [52]. An
example is shown in Figure 1.11 for both valence and sea quarks.

At high energies, as those reached by the LHC, sea quarks and gluons are dominant
with respect to the valence quarks, and each of them carries a small fraction x of the
total proton momentum. Given that the gluon density is the largest one, many processes
can be gluon-initiated, and the LHC is often referred to as a “gluon collider”.

1.4.2 Event simulation

At the LHC, a single high energy pp collision produces hundreds of particles with a
momentum range spanning many orders of magnitude. Thanks to the factorization
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Figure 1.11: Parton distribution functions evaluated at ~ 3 GeV on the left and 10 GeV on
the right [53].

theorem, the description of such interactions can be divided into different regimes
according to the transferred momentum. At high energy scales, the hard scattering
between the constituents of the protons can be perturbatively computed in terms of
the matrix element of the process. At lower energies of the order of 1 GeV, many other
physics processes happen whose non-perturbative nature leads to the use of simulation
with tunable parameters to describe the data. The simulation relies on several available
programs based on Monte Carlo methods [25,27] able to describe the different phases
of the proton-proton scattering. As shown in Figure 1.12, a pp — X interaction can be
divided into different steps: the hard scattering, the parton shower, the hadronization,
the underlying event, and the decay of unstable particles in the final state.

Parton Density Functions (PDF) The parton density functions are obtained from a
global fit to the input datasets from DIS, fixed-target Drell-Yan, and collider experiments
from the Tevatron and the LHC, and are extrapolated over a wide range of energies. Sev-
eral PDF sets are available on the market (i.e CT14 [55], NNPDF3.0 [56] or MMHT14 [57],
PDF4LHC [58]), which differ for the value of the factorization scale, the input datasets,
and the order of perturbation at which they are calculated.

Matrix Element (ME) The matrix element represents the hard scattering part of the
process and it is often calculated using Feynman diagrams. In the case of NLO or NNLO
simulations, many diagrams describing virtual loops are added to the computation
making the simulation very slow. The ME is calculated at the renormalization scale g
which is typically identified as the scale of the process. For example, if a resonance of
mass M is produced in the hard scattering, uz is often chosen as ug = M.
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Figure 1.12: Schematic representation of a proton-proton collision as simulated by the
event generator. Two partons from the colliding protons, described by the PDFs, undergo
a hard interaction (Matrix Element). Additional hard QCD radiation is produced (Parton
Shower), before the final state partons start hadronizing (Hadronization). Additional activity
in the event originates from the Underlying Event [54].

Parton Shower (PS) The partons involved in the hard scattering and those produced
in the final state can radiate gluons which can, in turn, split into quark-antiquark pairs
or gluons generating a shower of outgoing particles. This is simulated using parton
shower algorithms which are typically built as an evolution from the energy scale of the
hard process down to low scales, of order 1 GeV, associated to the confinement of the
partons inside the hadrons. The radiation from incoming particles is typically referred
to as initial state radiation (ISR), while emissions from the final state partons is named
final state radiation (FSR). In both cases, the probability to radiate a parton is controlled
by the so-called Sudakov form factor [59], however, in the case of ISR, the ratio between
the PDFs of the colliding partons has to be included. The Sudakov form factor describes
the probability for a parton ¢ not to radiate in the time interval Az. This depends on the
scale of the hard-scattering, the parton type and the initial x of the parton. The radiation
emission is controlled by a “time-dependent” variable ¢ ensuring that the subsequent
emission happens at lower energy with respect to the previous one. The choice of the
evolution variable can differ across generators: the opening angle (HERWIG [60]) or the
transverse momentum (PYTHIAS8 [61]) are two possible choices.

When the ME and the PS are simulated with two different generators, the two have
to be carefully matched to remove the overlapping diagrams and cover the entire phase
space. The ME is typically used to describe the production of hard and well separated
particles, while the PS is employed for soft and collinear particles. The scale at which
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the two simulations are combined is called matching scale.

Hadronization When the final state partons reach the energy scale of ~1 GeV, partons
end up in colourless hadrons. The models describing the process of hadronization
depends on many free parameters that have to be tuned to match the data. The two main
hadronization classes in use are the Lund string model [62] used by PYTHIA and the cluster
model [63] used by HERWIG and SHERPA [64] generators. The main difference between the
two is that the former transforms the parton system directly into a hadron, while the
latter introduces an intermediate stage in which clusters of partons with mass scale of ~
1 GeV are formed.

Underlying Event (UE) In a pp collision the underlying event refers to the additional
activity which is not related to the hard process. This includes multi-parton interactions of
the other constituents of the protons not involved in the hard scattering (spectators) as
well as the beam-beam remnants. The UE is simulated using phenomenological models
tuned to the data.

Beside these events, also pile-up needs to be accounted for in the simulation (more
details in Chapter 2). This refers to additional interactions occuring between protons in
the same bunch (in-time pile-up) or in different bunches (out-of-time pile-up).

Decays of unstable particles Following the hadronization step, several unstable par-
ticles are produced which are then decayed into stable particles that can interact with
the detector (see Chapter 5). When using the PYTHIA generator, the decays of heavy
hadrons and 7 leptons are often simulated using the EvtGen [65] and the TAUOLA [66]
external packages, respectively. HERWIG++ and SHERPA include an internal simulation of
both hadronic (except for heavy flavour decays) and = decays.






The ATLAS Detector at the LHC

2.1 The Large Hadron Collider

The Large Hadron Collider (LHC) [67, 68] at the European Centre for Nuclear Research
(CERN) is the world’s largest particle accelerator ever built to explore the high-energy
frontier of particle physics. It is a circular proton-proton collider totalling 26.7 km
long in circumference and about 100 meters underneath the border between France and
Switzerland, near the city of Geneva.

The primary goal of the LHC was to finally claim the discovery or the absence of the
Higgs boson, as well as searching for physics beyond the Standard Model. The large
increase in the centre-of-mass energy +/s, with respect to the previous generation of
colliders, was decided to have a Higgs boson production cross section above a few pico-
barns for a large mass spectrum. Such a high energy could be reached only accelerating
relatively heavy particles, such as protons. In fact, given that the radiated energy per turn
from an accelerated charged particle follows the relativistic limit of Larmor’s formula,
DL o (%)4 [69], the energy loss for protons is significantly smaller than for electrons.
Furthermore, the high beam intensity required to have a large rate of collisions at the
interaction point excluded the possibility of building a proton-antiproton collider, due
to the difficulties in maintaining and operating a high intensity anti-proton beam.

As a consequence of choosing protons as colliding particles, the LHC is able to probe
multiple energy ranges thanks to the broad momentum distribution of the partons inside
the protons.

The LHC is designed to reach a centre-of-mass energy of /s = 14 TeV (5.4 TeV per
nucleon pair) and an instantaneous luminosity of £ =10%* cm=2s™! (£ =10>” cm™2s™!) for
proton-proton (heavy ions) collisions. The instantaneous luminosity parametrises the
rate of collisions at the interaction point and directly relates the event rate of a physics
process to its cross section:

dep—)X
dt
It depends on several parameters of the machine; for two Gaussian distributed proton

:-on—pp—ﬂf- (21)

bunches, it can be defined as:

N1N,

= Fy——
L=fm y47m'x0'y8,8*’

(2.2)

where f is the revolutionary frequency of the bunches, n; is the number of circulating
bunches, N; (N,) is the number of protons in each bunch of the first (second) beam, o, and
oy are the geometrical dimensions of the beams, y is a relativistic term and F accounts

25
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for the geometrical correction due to the crossing angle used to make the beams collide
at the interaction point. Finally, the parameters £ and 8* corresponds to the emittance
and the amplitude function at the interaction point. The emittance ¢ is defined as the
smallest width the beam can be squeezed to; in a colliding beam accelerator such as the
LHC, the lower the emittance, the higher the probability for the particles to interact,
resulting in a higher luminosity. The amplitude function g is defined as the distance
from the interaction point at which the beam width is twice as wide as at the interaction
point. Therefore, one would like the amplitude function at the interaction point 8* to be
as small as possible.

To reach the nominal beam energy, bunches of protons are gradually accelerated in
several steps before entering the LHC ring. Figure 2.1 shows the complex of accelerators
used to inject protons into the LHC. Protons are produced via ionization of hydrogen
gas, and are accelerated up to 50 MeV by the LINAC 2. The BOOSTER accelerates them
up to 1.4 GeV and then injects them into the Proton Synchrotron (PS) which brings their
energy to 26 GeV. The last acceleration step before entering the LHC ring is given by
the Super Proton Synchrotron (SPS); here protons are accelerated up to 450 GeV and
the bunches are given the design shape and geometrical dimensions utilised by the LHC
collider.

The LHC tunnel has eight straight sections and eight arcs arranged on a plane inclined
at 1.4% towards the city of Geneva. Given the internal diameter of the tunnel of only
3.7 m, there is not enough room for two separate rings of magnets, therefore, two sets
of coils and two identical beam pipes are placed within the same mechanical structure
and cryostat. The magnets of the LHC are characterized by superconducting technology.
There are 1232 dipoles of 14.3 m in length which bend the beams, and 858 quadrupole
magnets, each 5-7 meters long, which focus the beams. The coils’ niobium-titanium
(NbTi) wires are maintained at 1.9 K by a closed liquid-helium circuit and produce a
magnetic field of 8.33 T. To accelerate the beams eight radiofrequency (RF) cavities per
beam are housed in cylindrical refrigerators, called cryomodules, which keep the RFs
working in a superconducting state, without losing energy to electrical resistance. Each
cavity works at 400 MHz and is able to increase the proton energy by 485 keV each turn.
A summary of the key LHC design parameters can be found in Table 2.1.

In 2010 the LHC was operating at +/s = 7 TeV marking the beginning of the Run 1. In
2012, the energy of the beams was increased to 4 TeV, reaching a centre-of-mass energy
of 8 TeV. After a technical stop of two years, from 2013 to 2015, the LHC started the
Run 2 at a centre-of-mass energy of /s =13 TeV and was able to reach twice the design
luminosity thanks to the very small transverse beam emittances and g* of 30 cm [71].

In the LHC ring the beams collide in four interaction points, where four detectors with
different purposes are located:

» ATLAS (A Toroidal LHC ApparatuS) [72] and CMS (Compact Muon Solenoid) [73]
are general-purpose detectors. They investigate a wide range of physics, from the
search for the Higgs boson (whose discovery was announced in July 2012 by both
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Figure 2.1: LHC injection chain: the LINAC 2 accelerates the protons up to 50 MeV and
injects them into the BOOSTER that increase their energy up to 1.4 GeV. The protons are
then injected to the PS which accelerates them up to 26 GeV before injecting them into the
SPS in which they reach an energy of 450 GeV. Finally, the LHC accelerates each beam of
protons at 6.5 TeV. The injection chain of the heavy ions and the Large Electron Positron
collider (LEP) chain for the acceleration of positrons and electrons are also shown [70].

Table 2.1: Summary of the key LHC design parameters.

Circumference 27 km Bunch spacing 748 m
Max beam energy 7 TeV Bunch time separation 25ns
Revolution frequency 11.1 kHz Bunch length 7.55 cm
Peak luminosity 10**cm—2s™! Bunch transverse size 16 um
RF frequency 400 MHz Crossing angle 285 urad
Dipole magnetic field 8.33T Beam lifetime 13.9h
Magnet temperature 19K Beam energy loss per turn 7 keV
Number of bunches 2808 Horizontal beam size 18 um
Number of magnet dipoles 1232 Vertical beam size 71 um

Protons per bunch 1.15-10'1 Amplitude function g* 80 cm
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experiments) to precision measurements of SM parameters, B-physics, search for
Supersymmetry (SUSY) and for dark matter particles. Although they have the
same scientific goals, they use different technical solutions and a different magnet-
system design.

o ALICE (A Large Ion Collider Experiment) [74] is a heavy-ion detector. It is
designed to study lead-lead collisions but data-taking with lighter ions, pp and
proton-nucleus collisions is equally part of the physics programme. The aim is to
study a particular state of matter, called quark-gluon plasma, which is believed to
represent the conditions of the Universe a fraction of second after the Big Bang.

« LHCb (Large Hadron Collider beauty) [75] is a forward detector developed only
on one side of the interaction point. It is focused in performing precise measure-
ments of rare decays of the »- and c-hadrons, as well as investigating the asymmetry
between matter and antimatter in the Universe.

Given that the inelastic cross-section for a pp interaction is o ~ 80 mb at 13 TeV and
each bunch has ~ 10!! protons, there is a high probability of having more than one
proton-pair collision during the same bunch crossing; such effect is called pile-up. It is
characterised by the average number of interactions per bunch crossing defined as:

Lo

i (2.3)
with £ the instantaneous luminosity, o the pp inelastic cross section, n, the number
of bunches, and f the revolutionary frequency of the bunches in the LHC ring. High
values of < u > imply high occupancy in the detectors, distortion of the tracks during
the reconstruction, or mis-measurement of the energy in the calorimeters. Therefore,
a strong effort has been made to develop high granularity detectors (especially in the
region close to the interaction point) capable of disentangling multiple pp collisions.

As shown in Figure 2.2 for the ATLAS detector, each data-taking period has its own
pile-up profile for an average value of 33.7 interactions per bunch crossing for the whole
Run 2 data taking period.
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Figure 2.2: Recorded luminosity-weighted distribution of the mean number of interactions
per bunch crossing for the 2015-2018 datasets recorded by the ATLAS detector at a centre-
of-mass energy of +/s = 13 TeV. The mean number of interactions per crossing corresponds
to the mean of the Poisson distribution of the number of interactions per crossing calculated
for each bunch as in Equation 2.3 [76].

2.2 The ATLAS detector

The ATLAS detector is the largest experiment along the LHC ring, with a diameter of 25 m,
a length of 44 m, and a weight of 7000 tons. It has a forward-backward symmetry around
the interaction point and it is composed of an inner detector (ID), an electromagnetic
and a hadronic calorimeter, and a muon spectrometer (MS). A schematic view of the
ATLAS detector is shown in Figure 2.3.

The nominal interaction point defines the origin of the coordinate system; the beam
direction defines the z-axis, the positive x-axis goes from the interaction point to the
centre of the LHC, and the positive y-axis points towards the surface. This way, the x—y
plane is transverse to the beam direction. On this plane the coordinates (r, ¢) are used,
where ¢ is the azimuthal angle around the beam axis and r is the radial distance from
the interaction point outwards.

The polar angle 6 that the particle forms with the beam axis is usually replaced with

the pseudorapidity:
6
n= —ln(tan(z)). (2.4)
In the limit of ultrarelativistic particles, this is an approximation of the rapidity:
B 1 E+p,
y= 21n(E_pZ), (2.5)

where p, is the projection of the particle momentum along the z-axis. Differences in
rapidity are invariant under Lorentz transformations and the density of emitted particles
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Figure 2.3: Schematic view of the ATLAS experiment with its main components [72].

‘fi—’;’ as a function of the rapidity is almost constant.

Given that the initial longitudinal momentum of the two colliding partons is not known,
some quantities are expressed in the transverse plane, such as the transverse momentum
pr and the transverse energy Et, defined as:

pr =psind and Et = Esiné. (2.6)

Finally, since longitudinal boosts do not affect the azimuthal angle ¢, a useful quantity
to measure is the angular distance in the transverse plane:

AR = JAp? + A¢2. 2.7)

2.2.1 Magnet system

The measurement of charged particles’ momenta is based on their deflection within a
magnetic field. In the ATLAS detector this is produced by four large superconductive
magnets [77] whose spatial arrangement is shown in Figure 2.4.

A central solenoid is placed inside the calorimeter and produces a 2 T axial magnetic
field for the inner detector, bending the particles in the transverse plane. It has an inner
and outer diameters of 2.46 m and 2.56 m, respectively, and a length of 5.8 m. In order to
achieve the required performances for the calorimeters, in terms of electron and photon
identification and accurate jet and missing Et measurement, the material thickness of
the solenoid has been maintained as small as possible. The magnetic field flux is returned
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Figure 2.4: Spatial arrangement of the magnetic system with the eight barrel and end-cap
toroid coils, and the central solenoid [78].

by the steel of the hadronic calorimeter.

The toroid system produces the magnetic field for the muon spectrometer bending
the particles in the z—y plane and covering the region for || < 2.7. It is composed of a
barrel and two end-cap toroids, centrally located around the calorimeters, which produce
a magnetic field of approximately 0.5 T and 1 T, respectively, and are maintained to a
temperature of 4.5 K by a helium-cooling system in order to reach the superconductivity
state. The end-cap toroids are rotated by 22.5° with respect to the barrel in order to
increase the overlap of the two magnetic fields and achieve a higher uniformity. Each
toroid is composed of eight coils assembled symmetrically around the beam axis. The
choice of the “open-air” toroid configuration is one of the strengths of the ATLAS detector,
as it improves the muon reconstruction performance without relying on the inner detector.
In fact, the toroids generate the magnetic field in a large volume with a small amount of
material. This minimises the amount of multiple scattering!, which represents one of
the limiting factors in the momentum resolution measurement.

2.2.2 Inner detector and tracking

Every proton-proton collision produces approximately 1000 tracks every 25 ns within
Inl < 2.5. To achieve high charged particle momentum resolution and reconstruction
efficiency, the Inner Detector [79] must have fine granularity and a limited amount of
material. In fact, large amounts of material can create an issue of multiple scattering
which limits the momentum resolution of the ID as well as degrading the resolution of
the calorimeters.

The ID is immersed in a 2 T magnetic field generated by the central solenoid and
contained in a cylindrical envelope of length 3.5 m and diameter 1.15 m. Three different
technologies are utilised, with decreasing granularity at increasing distances from the
centre of the detector. The innermost component is the Pixel Detector, followed by the

11t is defined as the electromagnetic interaction of a particle with a large number of atomic nuclei in the
material which results in a random smearing of the original momentum of the particle.
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SemiConductor Tracker (SCT) and the Transition Radiation Tracker (TRT). The first two
cover the region |n| < 2.5, while the TRT allows for track reconstruction up to || = 2.0. The
layout of the ID is illustrated in Figure 2.5.
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Figure 2.5: Schematic view of the front (a) and side (b) layout of the Inner Detector show-
ing the three main components: the Pixel Detector, the Semiconductor Tracker and the
Transition Radiation Tracker [72, 80].

The three sub-detectors combined provide full tracking reconstruction up to || = 2.0
with a designed momentum resolution of [72]:

op, = 0.05% - pr (GeV) @ 1%. (2.8)

Pixel detector The pixel detector is the innermost element of the ID and provides a
robust pattern recognition for charged particle tracks having pt > 0.5 GeV and || < 2.5.
It is the most important detector for the reconstruction of the primary vertex, even in
presence of pile-up, and for the reconstruction and identification of secondary vertices
from the decay of b- or c-hadrons. Furthermore, it is crucial in the measurement of the
track impact parameter dy, defined as the minimum distance between the track and the
primary vertex. These are the main ingredients for the identification of jets originating
from b-, c-quarks, and 7-leptons (see Chapter 4).

In the barrel, four pixel layers of 80 cm length, conventionally called Insertable B-Layer
(IBL), B-layer (BL), Layer 1 and Layer 2, are inserted at radii of 33.25 mm, 50.5 mm, 88.5
mm and 122.5 mm, respectively. The IBL [81] was installed in 2014 to cope with the high
luminosity expected to be delivered by the LHC during Run 2. In fact, the increase in the
event pile-up and in the local occupancy rate was expected to deteriorate the tracking
resolution, directly affecting the b-tagging performances. The IBL not only improves the
vertexing and tagging precision, but is able to restore the full b-tagging efficiency even
with a complete failure of the B-layer.

Each end-cap contains three disks placed at distances of |z| = 49.5 cm, 58.0 cm and 65.0
cm from the centre of the detector, with a radius of 34 cm.
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All layers are made with silicon sensors segmented in ¢ x z to allow for the simultaneous
measurement of both coordinates. In all layers, the modules are overlapped on the
support structure to ensure hermetic coverage (see Figure 2.6 (a) for the layout of the
IBL, as an example). The IBL sensors utilise two technologies, planar sensors [81] and
3D sensors [82], both with a size of 50 x 200 um? and a thickness of 200 ym and 230 um.
The sensors mounted on the outer layers have a size of 50 x 400 um? and thickness of
250 um. The IBL reaches a hit spacial resolution of 10.0 um and 66.6 um in the ¢ and
z directions, respectively. This has been measured in the region of overlap between
adjacent IBL modules (see Figure 2.6 (b)) in order to minimize the dependence from the
track extrapolation [83]. The accuracy reached by the outer layers in the barrel (end-caps)
is 10 um in ¢ and 115 ym in z (r).

The pixel detector provides at least four hits to the track reconstruction. A single
hit is reconstructed from clusters of pixel cells having a charge deposit above a given
discriminator threshold.

Figure 2.6: The pixel modules mounted on each layer have a region of overlap to ensure
a more hermetic coverage. Figure (a) shows the layout of the IBL in the r — ¢ plane as an
example. In this case, the pixel modules overlap in a slice of 1.821°, therefore, if a particle
crosses the material in this region, it can leave not one but two hits, as shown in (b) [83].

SemiConductor Tracker The SCT system [84] is designed to provide at least four hits
in the track reconstruction. Four layers of silicon microstrip detectors are placed in
concentric cylinders with radii of 300 mm, 373 mm, 447 mm and 520 mm around the
beam axis. The end-cap modules are arranged onto nine wheels from 83.9 cm to 273.5
c¢m along |z|, each of which has up to three rings of modules.

Each module in the barrel has a size of 6.36 x 6.40 cm?, a thickness of 300 yum and a
pitch of 80 um. In the end-caps, the exact shape and size of the modules depend on the
radial position they occupy in ATLAS; those closer to the beam pipe are smaller than the
modules mounted in the outermost radial position. Both barrel and end-cap modules
consist of two single-sided silicon microstrip sensors mounted back-to back, and the
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coordinate perpendicular to the strip direction is measured exploiting the stereoscopic
effect: the sensors are rotated by an angle of 40 mrad and the crossing point of the
strips of the two sensors is used to determine the space position. The spatial resolutions
reached by the modules are 17 um in r— ¢ and 580 um in z.

Transition Radiation Tracker The TRT system [85] is a straw-tube tracker which
provides ~36 hits per track and useful information for the electron identification, due to
the measurement of the transition radiation.

The barrel contains 50000 straw tubes and covers the radial range from 56 cm to 107
cm. It is composed of individual modules with between 329 and 793 axial straws 150 cm
long, covering the pseudorapidity range of || < 1.

The two end-caps consist of 18 wheels each, with a total of 32000 straws arranged in the
radial direction and covering the radial range from 54 to 103 cm.

Each straw tube has a diameter of 4 mm and was filled with a gas mixture of 70%
Xe, 27% CO, and 3% O, during the Run 1 of the LHC. In Run 2, all straws belonging to
modules with large gas leaks were filled with a gas mixture of 70% Ar, 27% CO, and 3%
0,. Argon has a much lower efficiency to absorb the transition radiation photons in this
energy range, but has similar tracking capabilities as Xe [86].

A charged particle traversing the TRT ionises the gas inside the straws and the resulting
free electrons migrate towards a gold-tungsten wire of 31 um in diameter placed at the
centre of the tube at a —1.5 kV voltage.

The space between the tubes is filled with plastic material (polyethylene) in order
to produce transition radiation at the material boundary. This effect is particularly
useful for the identification of electrons as it depends on the Lorentz boost y = E/m,
which is stronger for electrons. The electrons and photon conversion reconstruction
is particularly challenging for the inner detector due to the 20%-50% of energy lost
by the electrons in the pixel and SCT due to bremsstrahlung and ionization. The TRT
provides the identification of electrons with energies below 25 GeV, complementing the
measurements from the calorimeter, and contributes to the reconstruction of electron
track segments from photon conversions down to 1 GeV.

The signal induced by a particle passing through the TRT straws is collected and
compared to two separate thresholds: the higher is used to identify the photons from
the transition radiation of the electrons, the lower is used to distinguish other kinds of
particles, such as muons, pions or kaons.

2.2.3 Electromagnetic Calorimeter

For high energy electrons and photons, the combination of the bremsstrahlung and
the pair production phenomena creates an electromagnetic cascade which spreads out
laterally due to low energy y produced in Compton’s scattering and photoelectric effect,
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and to the Coulomb scattering®. The longitudinal spread is determined by the radiation
length X, in the medium, defined as the mean length (in cm) needed to reduce the
energy of an electron of 1/e. The angular deflection can be quantified by the Moliére
radius, defined as the radius which contains 90% of the shower, R,, = 21(Xy/E.) with E..
the critical energy defined as the energy at which the losses from ionization and from
bremsstrahlung are equal. For this reason, electromagnetic-shower detectors are built
from high-Z materials of small X, in order to contain the shower in a small volume.

The ATLAS Electromagnetic CALorimeter (ECAL) [87] is designed to trigger on and
provide precise measurement of electrons, photons, jets and missing transverse energy. It
uses liquid argon as active material and 1.8 mm lead plates as absorbers. The liquid argon
has been chosen for its intrinsic linear behaviour, its response stability and radiation
resistance. The calorimeter is composed of a barrel and two end-caps components, each
housed in their own cryostat. The barrel consists of two half-barrels separated by a 4
mm gap at z = 0 and covering the range || < 1.475. It is made of 16 separate modules,
each covering A¢ = 22.5° and with a total thickness of 22 Xj, increasing from 22 to 30
Xy between || = 0 and || = 0.8 and from 24 to 33 X, between |7| = 0.8 and || = 1.3. A
presampler layer of 11 mm is placed in front of the first layer of the calorimeter to recover
the energy lost by electrons and photons in the passive material of the solenoid.

The two end-caps are divided into two coaxial wheels: an outer wheel covering the
range 1.375 < || < 2.5, and an inner wheel covering the region 2.5 < || < 3.2. The total
active thickness goes from 24 to 38 X, for 1.475 < |n| < 2.5, from 26 to 36 X, for 2.5 < |n| < 3.2,
and smaller than 24 X, for || < 1.475. In order to improve the energy resolution, a 5 mm
liquid argon presampler is placed in front of both end-caps for 1.5 < || < 1.8.

The lead absorbers and the electrodes of both the barrel and the two end-caps have an
accordion geometry which provides full coverage in ¢ without any gap. In both cases,
the folding angle of the waves varies with the distance from the centre of the detector to
maintain the LAr gap constant.

Each module of both the barrel and end-cap calorimeters is composed of three layers
with decreasing granularity to follow the evolution of the electromagnetic shower: the
first layer is finely segmented in n to achieve an accurate measurement of the shower
starting point, the second layer collects the largest fraction of the shower energy, and
the third layer is mainly used to estimate the amount of energy leaking beyond the ECAL.
The layout of the calorimeter system can be found in Figure 2.7 together with a detailed
view of a barrel module.

The resolution of the electromagnetic calorimeter can be parametrized with the fol-
lowing expression:

O'(E): a ® b oc
E JEGeV) EGeV) "~

(2.9)

2A particle traversing a material undergoes elastic interactions with the nuclei that deflect the particle
direction by an angle 6. The mean value of 6 follows a Gaussian distribution with mean value of zero.
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Figure 2.7: (a) Layout of the ATLAS calorimetry system [72]. (b) Detailed view of the
accordion geometry in a barrel module [72]. (c) Detailed view of the TileCal module [88].
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where a takes into account the stochastic behaviour of the shower development, b ac-
counts for the electronic and pile-up noise, and c is a constant term that quantifies the
non-uniform response of the calorimeter, the ageing and the radiation damage. The
design value for these terms are a = 10%, b = 170 MeV (without pile-up), and ¢ =0.7% [89].

2.2.4 Hadronic Calorimeter

When a hadron traverses the material, it can undergo an inelastic collision with the
nuclei producing secondary hadrons which, in turn, interact inelastically to produce a
third set of hadrons, etc. The scale for the hadron shower is the nuclear absorption length
A, which is bigger than X, resulting in a larger longitudinal and radial development with
respect to the electromagnetic shower.

The ATLAS Hadronic CALorimeter (HCAL) is made of three independent sampling
calorimeters at different values of n, each using its own technology and material to face
the different radiation fluxes, and satisfy the required performances.

The Tile Calorimeter (TileCal) [90] provides the energy reconstruction of the jets and,
together with the ECAL, a good measurement of the missing Et. It is located in the
region of || < 1.7, after the ECAL, and it is composed of a central barrel of 5.64 m in
length covering the region || < 1 and two extended barrels of 2.91 m covering the range
0.8 <|n| < 1.7. In the central barrel there are three radial layers approximately 1.5, 4.1 and
1.8 A thick, while in the extended barrel the layers have a thickness of 1.5, 2.6, and 3.3 A.
An Intermidiate Tile Calorimeter (ITC) has been installed to improve the performance
in the region between the central and the extended barrels, which is occupied by cables
and electronics from the inner tracker and the ECAL.

Both the central and the extended barrels are made of 64 independent towers in the
z and ¢ directions, each made of scintillating tiles as active material and laminated
steel plates as absorber. The scintillating tiles are placed perpendicular to the colliding
beams and staggered along r. The signal produced in the scintillating tiles is read-out by
wavelength shifting fibres, as shown in Figure 2.7 (c).

The Hadronic End-cap Calorimeter (HEC) [91] is a liquid argon calorimeter with copper
as absorber, integrated in the end-cap cryostat and covering the region 1.5 < || < 3.2. It
consists of two independent wheels per end-cap, each with an outer diameter of 4 m
and a length of 0.82 m and 0.96 m. Each wheel is built from 32 identical wedge-shaped
modules with 25 mm parallel copper plates for those closer to the interaction point, and
50 mm copper plates for those further away.

The liquid argon hadronic Forward Calorimeter (FCal) [92] is also integrated into the
end-cap cryostat and covers the region 3.2 < || < 4.9 where the energy and the density of
the particles are very high. It provides good measurement of the forward jet, improves
the reconstruction of the missing Et, and helps in reducing the background level in the
muon spectrometer. It consists of three modules in each end-cap, the first is optimized
for electromagnetic measurements and it is made of copper, while the other two measure
the hadronic shower and are made of tungsten.
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The design resolutions for the ATLAS hadronic calorimeters [72] are:

oE) 0% 39, for TileCal and HEC, (2.10)
E VE(GeV)
oE) _ 100% 109  for FCal. (2.11)

E  \[EGeV)
2.2.5 Muon Spectrometer

The Muon Spectrometer (MS) [93] is designed to provide standalone precise measure-
ments of muons up to 3 TeV and in the pseudorapidity range || < 2.7. The capability
of reconstructing high-pr muons without relying on the inner detector is crucial for
performing fast muon triggering in the region |5| < 2.4. The design momentum resolution
is 4% for muons with pr up to 100 GeV and 10% at pr of 1 TeV. At small energy, the
performances are recovered by combining tracks reconstructed by the muon spectrometer
with those in the inner detector.

The layout of the spectrometer is based on the magnetic deflection of muon tracks
inside the detector. For || < 1.4, the deflection is provided by the 0.5 T magnetic field of
the barrel toroid, for 1.6 < |n| < 2.7, muon tracks are bent by two end-cap toroids. Over
1.4 < || < 1.6 the deflection is provided by a combination of barrel and end-cap magnetic
fields. Figure 2.8 shows the transversal view of the ATLAS muon spectrometer.

Thin-gap chambers (T&C)
| Cathode strip chambers (CSC)

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

Figure 2.8: Cross-section of the muon system [72].
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In the barrel region, tracks are measured in chambers arranged into three cylindrical
layers at radii of approximately 5 m, 7.5 m, and 10 m. In the end-caps, the chambers are
installed perpendicular to the beam line at distances of |z] ~ 7.4 m, 10.8 m, 14 m, and 21.5
m. Precise measurement of the position and momentum of the muons is provided by the
tracking chambers, namely the Monitored Drift Tubes (MDTs) chambers and the Cathode
Strip Chambers (CSCs). The trigger system covers the range || < 2.4 and is provided by
the triggering chambers divided in Resistive Plate Chambers (RPCs) in the barrel and Thin
Gap Chambers (TGCs) in the end-caps.

The MDTSs chambers’ size increase with their distance from the interaction point. They
are made of three to eight layers of drift tubes filled with a mixture of Ar-CO; (93%-7%)
and operating at a pressure of 3 bar. A muon traversing the detector ionizes the atoms of
the material and the resulting free electrons are collected at a 50 um tungsten-rhenium
wire located at the centre of the tube. The average resolution for a single tube is 80 um
and for a chamber is 35 um.

The CSCs are multiwire proportional chambers with wires oriented in the radial di-
rection and cathods segmented in strips with high granularity to sustain the high back-
ground rate and the radiation ageing, typical of the forward regions. They cover the
region 2 < || < 2.7, and are arranged in two disks of different sizes having eight chambers
each. Each chamber contains four independent CSC planes providing four different
measurements in n and ¢. The resolution of a chamber reaches 40 um in the bending
plane and ~ 5 mm in the transverse plane.

The capability of the Muon Spectrometer to trigger on high-pr muons is granted by
the RPCs in the region || < 1.05 and by the TGCs in the 1.05 < || < 2.4.

The RPCs are made of parallel resistive plates and a gas-filled gap of 2 uym. A strong
electric field allows the production of ¢* /ions avalanches along the ionizing track towards
the anode, ensuring a rate capability of ~1 kHz cm~2. The resolution per chamber is 10
mm in both the z and ¢ directions.

The TGCs are multi-wires chambers whose main difference with the RPCs’ technology
is that the anode wire pitch is larger than the cathode-anode distance, which ensures a
fast collecting time. The resolution per chamber is 2-6 mm in z and 3-7 mm in ¢.

Both RPCs and TGCs deliver the signals with a spread of 15-25 ns providing the ability
to tag the beam crossing with an efficiency > 99%.

2.2.6 Luminosity Detectors

The instantaneous luminosity and the beam conditions are constantly monitored by two
forward detectors, LUCID and Beam Monitor Conditions (BCM). LUCID [72] is the only
detector dedicated to the online monitoring of the luminosity. Two identical modules
are installed, one in each end-cap region of ATLAS, at a distance of ~ 17 m from the
interaction point. Each module consists of 20 aluminium tubes filled with C4F;y and
coupled to photomultipliers.

The BCM [94] consists of two stations with four 1 cm? diamond sensors placed around



40 2 The ATLAS Detector at the LHC

the beam pipe at a distance of |z| = £1.84 m from the interaction point. Its fast readout
and the good time resolution of 0.7 ps provide measurement of the bunch-by-bunch
luminosity as well as triggering on beam losses to prevent damages to the silicon pixel
sensors of the ID, dumping the beam if necessary.

The total integrated luminosity delivered by the LHC and recorded by the ATLAS
detector for the full Run 2 data-taking is shown in Figure 2.9. The small differences
between the luminosity delivered by the LHC and the one recorded by ATLAS are due
to the time needed for ramping-up the high-voltages of the tracking detectors and the
preamplifiers of the pixel detector after the beams are declared to be stable. In addition,
the data retained for physics analyses is a subset of that recorded due to the requirements
of “good-quality” data, meaning that all sub-detectors were functioning within a nominal
operation threshold for voltages, temperature, humidity etc., and that the reconstruction
algorithms of physics objects were performing as expected.
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Figure 2.9: Cumulative luminosity versus time delivered to ATLAS (green) and recorded by
ATLAS (yellow) and of good quality for physics analysis (blue) during stable beams for pp
collisions at +/s =13 TeV in 2015-2018. The complete pp data sample in 2018 is shown and
the Good Data Quality criteria require all physics objects to be of good data quality [76].

2.2.7 Trigger System

The ATLAS detector is designed to observe up to 1.7 billions pp collisions per second
for a combined data volume of 60 millions MB per second. However, only some of these
events contains interesting characteristics for physics analyses. These events are selected
by a complex trigger system which reduces the data flow from 40 MHz to ~ 1 kHz for
permanent storage.

The trigger system was originally designed to have three levels of event selection: the
Level-1 (LVL1) hardware trigger, the software-based Level-2 (LVL2) and the event filter.

The LVLI1 trigger [95] uses reduced-granularity information from the RPCs and the TGCs
searching for patterns of hits consistent with high-pr muons, and from the calorimeters
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for the identification of electromagnetic clusters, jets and r-leptons. LVL1 can accept a
maximum rate of 100 kHz per bunch crossing and uses custom-built hardware processors
to unambiguously identify the bunch crossing of interest making a decision in a maximum
of 2.5 us. Upon the event being accepted by LVL1, the information about the geometrical
location of the trigger objects is organized in Regions-of-Interest (Rol’s) which are sent
to the LVL2 trigger.

The LVL2 trigger can handle a maximum rate of 75 - 100 kHz and uses the full granu-
larity of the sub-detectors but only in the RolI’s provided by the LVL1 trigger. It defines
selection criteria analysing the properties and topology of the event and making a deci-
sion in approximately 40 ms. The accepted event rate, approximately 3.5 kHz, is passed
to the event filter which runs a complete and offline reconstruction of the events making
a final decision in about one second.

In Run 2, the system has been modified to just two levels, LVL1 and the High-Level
Trigger (HLT) unifying LVL2 and the event filter. The HLT is implemented in software
and operates on large farms of commercial computer processors [96].






Object Reconstruction

Each recorded event undergoes an offline event reconstruction. The responses of all
ATLAS sub-detectors are combined to form objects like tracks and calorimeter clusters
which are then used to reconstruct final physics objects. This chapter describes the
techniques used by the ATLAS Collaboration to reconstruct and identify the objects
of interest for the studies presented in this thesis such as leptons, jets and missing
transverse energy.

3.1 Tracks and primary vertices

Track reconstruction It is usually divided into two steps, the track finding or pattern
recognition, and the fit used to extract the track parameters and their uncertainties. The
clustering algorithm groups the neighbouring pixels and the strips in a given sensor
if the charge deposit is higher than a given threshold. The charge in a pixel sensor is
typically collected on multiple pixels, and the total charge depends on the incident angle
of the particle with respect to the sensor. Clusters of pixels originating from a single
particle are called single particle clusters, while clusters originating from charge deposits
of multiple particles are called merged clusters. Figure 3.1 shows the different topology
of the two types of clusters.

(@ (b)

Figure 3.1: Illustration of single particle pixel clusters on a pixel sensor (a) and a merged
pixel cluster (b) due to very collimated charged particles. Different colours represent energy
deposits from different charged particles traversing the sensor and the particles trajectories
are shown as arrows [97].

The track finding defines a seed of three-dimensional measurements, called space-
points, from a combination of pixel and SCT clusters which is used to create track can-

43
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didates. Criteria on which sub-detectors recorded the space points are used to define
the purity of the track candidates; tracks using SCT-only seeds are placed first, followed
by pixel-only, and by mixed-detector seeds. Purity is further enhanced by requiring
an additional space-point in a subsequent layer compatible with the particle trajectory
estimated from the seed!. A combinatorial Kalman filter [98] is then used to extend the
seeds by incorporating additional space-points from the remaining layers of the pixel
and SCT sub-detectors.

An ambiguity solver then processes all track candidates in descending order of track
score. This is based on the number of clusters assigned to the track and if it reflects
the expected cluster multiplicities in the different sub-detectors. The y? of the track fit
penalizes the track score as well as the presence of holes?. Furthermore, high energy
tracks are favoured with respect to low pr tracks which are likely to have mis-associated
clusters. Track candidates are rejected by the ambiguity solver if they do not fulfill
quality criteria based on their kinematic properties, the number of silicon hits/holes
along the particle trajectory and the number of shared clusters. These are clusters used
in the reconstruction of multiple tracks representing a strong indicator of incorrect
assignment of a cluster to a track. An artificial neural network (NN) using information
on the charge deposit, the position of the pixels in the clusters, and the incident angle of
the particle, is employed to identify merged clusters against shared clusters, as they can
be a source of degradation in the cluster assignment efficiency and, as a consequence, in
the track reconstruction efficiency. Figure 3.2 shows the cluster assignment efficiency
for a simulated sample of B’ mesons up to 1 TeV decaying before the IBL as a function of
the separation between two particles in the x and y directions at the sensor’s surface for
the IBL and the B-layer. The cluster assignment efficiency is defined as the fraction of
clusters created by a particle that are used on the reconstructed track of that particle.
It can be observed that when the particles are well separated, the efficiency reaches
~ 98%, but for smaller separations, single clusters start to merge and the efficiency drops,
especially for the IBL where the tracks are much closer to each other.

All tracks passing the ambiguity solver stage are passed to the combinatorial Kalman
filter that extends them outwards to the TRT. A high resolution fit is then performed and a
set of five parameters describing the track is extracted, together with their uncertainties:

x = (do,20,¢,6,9/p) (3.1)

where dj and z, are the Impact Parameters (IP) representing the minimum distances to
the centre of the detector in the x—y plane and z direction, respectively, ¢ and 0 define
the azimuthal and polar angular directions, and ¢/ p is the charge over momentum which
quantifies the curvature of the track in the transverse plane>. All five parameters are

IThis is assumed to be a perfect helical trajectory in a uniform magnetic field.

2A hole is defined as a hit expected to be associated with a track but not present [99].

3The curvature of a track in the transverse plane can be derived from the formula pr « gBr, with r the
radius of the curvature, for particles in a magnetic field B perpendicular to pr.
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Figure 3.2: Efficiency with which reconstructed clusters are assigned to the tracks of the B°
decay products is shown for the two innermost pixel layers (IBL and B-layer) as a function
of the minimum truth-particle separation in local x (a) and y (b), corresponding to the
pixel dimensions transverse and longitudinal to the beam axis. It is required that the stable
charged particles are created before the IBL [97].

expressed with respect to the point of the closest approach to the primary vertex in the
transverse plane. The resolution of a track parameter can be expressed as a function of
the track pr:

ox =ax(oo)(1ea§—;‘), (3.2)

where ox(0) is the asymptotic resolution expected for an infinite transverse momentum,
and py is a constant representing the value of pr at which the multiple-scattering con-
tribution equals that from the detector resolution. The design resolutions for the five
track parameters are reported in Table 3.1 at infinite transverse momentum o x (o), and
at momentum py.

Table 3.1: Expected track parameters resolutions (RMS) at infinite transverse momentum
ox(e0), and at py representing the value of pr at which the multiple-scattering contribution
equals that from the detector resolution. The momentum and angular resolutions are shown
for muons, whereas the impact-parameter resolutions are shown for pions. The values are
shown for two 5 regions, one in the barrel ID where the amount of material is close to its
minimum and one in the endcap where the amount of material is close to its maximum.
These values have been estimated before the IBL was inserted in the inner detector. With the
IBL, the resolution of all track parameters, but especially the one of the impact parameters,
improves [72].

Track parameter 0.25 < |n| < 0.50 1.50 < |n| < 1.75

Ox (o) px (GeV) Ox () px (GeV)
Inverse transverse momentum (1/pr) 0.34 TevV~! 44 0.41 TevV~! 80
Azimuthal angle (¢) 70 urad 39 92 urad 49
Polar angle (cot 6) 0.7 x10~3 5.0 1.2x1073 10
Transverse impact parameter (dp) 10 um 14 12 um 20
Longitudinal impact parameter (zg X sin 6) 91 um 23 71 um 3.7
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The final track reconstruction efficiency is shown for charged primary particles as a
function of the jet pt in Figure 3.3 (a) and the production radius of the charged particles
in (b) for jets in the || < 1.2 and || > 1.2 ranges.
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Figure 3.3: Track reconstruction efficiency for charged primary particles as a function of
the jet pr (a) and the production radius of the particle (b) for jets in the 7| < 1.2 and || > 1.2
ranges [97].

The track reconstruction algorithm described in this section works well for all charged
particles but, in the case of electrons, it does not take into account the energy loss due to
bremsstrahlung. Therefore, a Gaussian Sum Filter (GSF) model [100] is adopted, which
consists of refitting the tracks loosely matched to an ECAL seed cluster to better estimate
the track parameters. The GSF assumes that the energy losses can be approximated by a
weighted sum of n Gaussian functions, each one representing the quantised components
of the radiative loss of electrons as they traverse the pixel and SCT trackers. In the TRT,
the GSF does not give a significant improvement in the electron track reconstruction due
to the more homogeneous distribution of the detector material and the lower precision
of the measurements.

Primary vertex reconstruction The primary vertex reconstruction procedure can be
divided into a vertex finding and a vertex fitting stage [101]. The first one deals with the
association of the reconstructed tracks to vertex candidates, the second reconstructs the
position of the primary vertex. The tracks entering the vertex finding stage must fulfill
more stringent criteria with respect to the track reconstruction step, in order to reduce
tracks originating from pile-up. Only tracks with pt > 400 MeV, || < 2.5, and satisfying
requirements on the number of silicon and pixel hits enter the vertex reconstruction
algorithms [102].

During the vertex finding stage, the seed positions of candidate vertices are found
based on the reconstructed position and width of the beam spot. This is derived through
a three-dimensional Gaussian measurement centred around the beam spot centre and
having the beam spot size as width. Tracks outside the beam spot do not enter the
vertex fitting stage. At this stage, the seed is given as input to an adaptive vertex fitting
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algorithm [103] used to derive the optimal vertex position. Each input track is assigned
a weight depending on its compatibility with the initial vertex position estimate; the
higher the weight the larger its influence in the vertex position calculation. After the
last iteration, the final weight of each track is calculated and tracks found incompatible
with the best fit vertex position by more than 70 are removed and allowed to be used in
the reconstruction of other vertices.

The primary vertex corresponding to a hard-scattering physics process is identified
as the primary vertex among all candidates with the highest sum of squared transverse
momenta of all contributing tracks, Y’ p%. This criterion is based on the assumption that
the charged particles produced in hard-scattering interactions have a harder pt spectrum
than those from pile-up collisions.

3.2 Electrons

Electrons are reconstructed from localised clusters of energy in the electromagnetic
calorimeter, matched to charged-particle tracks in the inner detector.

3.2.1 Clusters reconstruction

The electromagnetic (EM) energy cluster candidate is reconstructed using a topological
cell clustering-based approach [104], developed to recover the energy lost by the electron
due to bremsstrahlung interactions with the ID material. This approach uses superclusters
which associate the primary cluster formed by the electron shower (seed-cluster) to the
secondary cluster produced by the irradiated photon (satellite-cluster). Figure 3.4 shows
the diagram of a supercluster with a seed electron cluster and a satellite photon cluster.

The main advantage of this methodology is the ability of following the natural devel-
opment of the EM cluster, both laterally and longitudinally, by varying the size of the
cluster to capture most of the shower energy.

The seed and growth of topological clusters is controlled by the cell significance, defined

as:
EM
EM _ cell
é‘cell ~ | _EM > (3‘3)
g .
noise, cell
where | EEN | is the absolute cell energy and o=¥ . is the expected electronic plus pile-

up cell noise. The seed topo-cluster candidates (also called proto-clusters) are selected
using only cells of the second and third layer of the ECAL to suppress noise, and by
requiring gfé\ldl > 4. The neighbouring cells are iteratively added to the proto-cluster if

ché\l/{ > 2. Once all cells with absolute energies above 20 are added, a final set of nearby
cells with gfe“{{ > 0 are added to the cluster in order to control the shower development at
the edges. If two proto-clusters share a cell having g’fé‘l/{ >2, they are merged. On the other
hand, in case two or more local maxima with Efel\ﬁ > 400 MeV are found, the proto-cluster

is split into separate clusters, if the cell where the local maximum is located has at least
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four neighbours, none having a larger signal than the local maximum.
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Figure 3.4: Diagram of a supercluster formed by a seed electron cluster and a satellite
photon cluster [104].

3.2.2 Track-cluster matching and superclusters

Once tracks and clusters are built, they are matched together to build the final electron
candidate. Electron tracks having at least four silicon hits are extrapolated to the mid-
dle layer of the EM calorimeter, followed by the application of a series of geometrical
requirements in order to match the track to the corresponding EM cluster:

« the distance in  between the EM cluster and the track has to be within 0.05;

« the distance between the track and the EM cluster has to be within 0.1 in ¢ in the
bending direction and 0.05 on the opposite direction;

« tracks reconstructed only in the TRT must be within |An| < 0.35 (|An| < 0.02) in the
barrel (endcaps), |A¢| < 0.03 in the bending direction, and |A¢| < 0.02 for the opposite
direction in both barrel and endcaps.

Superclusters are built after the track-cluster matching starting from the highest pr
proto-cluster and iterating over all satellite clusters. The supercluster seed is required to
have E1 > 1 GeV (Et > 1.5 GeV) for electrons (photons) and must be matched to a track
with at least four hits in the silicon detector. For both electrons and photons a satellite
cluster is required to fall within a certain An x A¢ window around the seed barycentre.
Once all satellite clusters have been associated to a given seed cluster, the algorithm
iterates to the next highest pr seed cluster that has not been used already as a satellite
cluster, until no more seed candidates are found.

3.2.3 Identification

The electron identification criteria aim at discriminating between prompt isolated elec-
trons from non-isolated electrons in hadronic jets, converted photons, electrons pro-



3.2 Electrons 49

duced in the decay of heavy-flavours hadrons, or “hadronic fakes”, in which electromag-
netic deposits are combined with random hadronic tracks. A multivariate analysis based
on a likelihood (LH) discriminant is built from tracking, calorimeter and combined vari-
ables, each being described by a probability distribution function (PDF). This is created by
smoothing the histogram of the discriminating variable with an adaptive kernel density
estimator [105]. The PDFs for both signal and background, and for each discriminating
variable, are combined into a final discriminant d;, on which three operating points are
defined: Loose, Medium and Tight. These are optimized for identifying prompt electrons
with Ep = 40 GeV with efficiencies of 93%, 88% and 80%, respectively, gradually increas-
ing with higher values of E1. The identification efficiency is evaluated using Z — ee and
J/¥ — ee events and is reported in Figure 3.5 for the three working points. An overall
systematic uncertainty on the efficiency is estimated as +7% at Et = 4.5 GeV, and de-
creases to +1% for 30 < E1 < 250 GeV. For larger values of Et, additional uncertainties of
+0.5%, +1.0% and +1.5% are assigned due to the variations in the efficiency for LH-Loose,
LH-Medium and LH-Tight selected electrons. The efficiencies derived from simulation
are matched to those in data by applying scale factors derived on pure Z — ee events with
the Tag and Probe method [106].
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Figure 3.5: Measured LH electron identification efficiencies in Z — ee events in data for the
Loose (blue circle), Medium (red square), and Tight (black triangle) operating points as a
function of the electron Et (a) and n (b). The vertical bars are very small and represent the
statistical (inner bars) and total (outer bars) uncertainties. The efficiencies are obtained by
applying data-to-simulation efficiency ratios measured in J/¥ — ee and Z — ee events to
Z — ee simulation. In the bottom panel, the data-to-simulation ratio is shown [106].

3.2.4 Isolation

In order to further reject background electrons from hadron fakes or semileptonic heavy-
flavours decays, track-based and calorimeter-based isolation requirements are applied
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to the electron candidates.

The energies of all positive-energy topo-clusters are summed together in a raw isola-
tion energy variable, EiTs)‘r’;W, if their barycentre falls within a cone of fixed radius AR = 0.2
around the electron candidate. The core energy from the electron candidate is subtracted
from Eﬁ??;w by removing the cells contained in a rectangle of AnxA¢ = 0.125x0.175
around the candidate’s direction.

While this methodology results in a very stable and simple subtraction scheme of fake
or non-prompt objects, the electron candidate energy might not be fully contained inside
the fixed rectangular area. Therefore a leakage correction to the subtracted core energy
is applied. Additionally, a correction for the pile-up and underlying event contribution is
estimated from the ambient energy density [107].

The track-based isolation variable, p‘T’arcon‘-‘XX, corresponds to the sum of the transverse
momenta of all selected tracks falling into a cone centred around the electron direction,
excluding tracks matched to the electron candidate or converted photons. The size of
the cone varies depending on the pt of the electron: the higher the pr, the smaller the
cone size. Typically, the maximum radius XX of the track-based isolation variable is 0.2.
Only the tracks used in the primary vertex reconstruction, having pr > 1 GeV and || < 2.5
and a given number of hits in the silicon (pixel and SCT) detectors, are considered in the
calculation of pyarconeXX,

The isolation operating points relevant for the electron energy calibration and the
VH,H — bb analysis described in Chapter 6 are:

* HighPtCaloOnly, optimised on fixed radius giving an efficiency of 98% for p$™*0-2 <
max(0.015 x pr,3.5) GeV;

» Fixed-Cut Loose, using both a calorimeter-based isolation requirement of E%)“‘*O'Z /pT <
0.20 and a track-based isolation requirement of pyar°ne-2/py < 0.15.

The isolation efficiencies are evaluated using J/¥ — ee and Z — ee events up to 150
GeV and as a function of Et and . The efficiency derived in simulation are matched to
the data by applying scale factors very close to unity. The relative uncertainties vary
from 5% for electrons with Et <7 GeV to less than 0.5% with increasing values of Er.

The electron energy scale and resolution are calibrated using Z — ee events by fitting
the mass line shape of the resonance in both simulation and data in different regions
of . The ratio between the two fits for the energy scale and the resolution is taken as a
correction factor applied to the data or the simulation, respectively.

3.3 Muons

Muons leave a tiny fraction of their energy inside the inner detector and the calorimeters
and are the only detectable particles able to reach the outer layers of the ATLAS detec-
tor. Their reconstruction and identification is extremely important both for precision
measurements and new physics searches.
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3.3.1 Reconstruction

Muon candidates are reconstructed independently from measurements in the inner
detector (ID) and the muon spectrometer (MS) [108]. Four muon types are defined based
on the information provided by the ID, the MS and the calorimeters: the standalone or
extrapolated muons, the combined muons, the segment-tagged muons, and the calorimeter-
tagged muons.

The standalone or extrapolated muons (ME) are reconstructed starting from the middle
layers of the MS, where more hits are expected. Using a Hough transformation [109], a
pattern of hits aligned with a preliminary hypothesised trajectory is created, forming a
track candidate. The track is then extrapolated back to the point of closest approach to
the interaction point. Standalone muons are used to recover the muon reconstruction
acceptance in the region 2.5 < || < 2.7, not covered by the ID.

The combined (CB) muons result from a global fit of the ID and MS hits which follows
an outside-in pattern recognition where muons reconstructed in the MS are extrapolated
to the ID, taking into account the energy losses in the calorimeters.

When a muon has a low pr or falls into the region of reduced acceptance of the MS, it
traverses only one layer of the MS chambers. In this case, if the track in the ID is matched
to at least one track segment in the MDT or CSC chambers, the muon is reconstructed as
segment-tagged (ST).

In the region where the MS is only partially instrumented, due to the ID cables and the
calorimeter services (|| < 0.1), the track in the ID is identified as a muon if it is matched
to an energy deposit in the calorimeter compatible with a minimum-ionizing particle
(MIP). This type of muon is called calorimeter-tagged (CT) muon.

When two muon types share the same track in the ID, the overlap is resolved by
preferring the CB category first, followed by ST and finally CT. The track quality and
the largest number of hits are taken as discriminant to resolve the overlap with the ME
category.

The overall reconstruction efficiency is calculated using J/¥ — uu and Z — uu events
with a Tag and Probe method and measured to be close to 99% over most of the covered
space |n| < 2.5 and 5 < pr < 100 GeV range [108]. As for the electrons, efficiency scale
factors are calculated to correct the simulation to the data. On the same set of events,
the calibration of the muon momentum resolution and scale is obtained with a simul-
taneous fit to the mass line shape of the resonance and the py imbalance between the
measurements in the ID and the MS. By combining the two results, correction factors
are derived in different pr and n bins.

3.3.2 Identification

Muon candidates originating from charged hadrons decays in the ID are characterized
by a deflection in their flight path due to the displaced topology of the decay vertex.
Therefore, these tracks are expected to have a worse fit quality and a bad compatibility
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between the ID and MS tracks. The following criteria are applied to discriminate these
fake muons against prompt muons [108]:

* q/p significance, defined as the ratio between the difference in charge and transverse
momentum measured in the ID and MS and normalised by the corresponding
uncertainties?;

» o/, defined as the ratio between the absolute value of the difference of the transverse
momenta measured in the ID and the MS divided by pt of the combined track’;

« at least one pixel hit and five SCT hits with less than three holes in both silicon
detectors;

« normalized y? value of the combined track fit.

Four identification selections are defined using different cuts on these variables: Loose,
Medium, Tight, High-pt. The Loose identification gives the best muon reconstruction
efficiency whilst the Tight criteria offer the best muon purity. The High-pt selection,
instead, offers the best muon resolution for muons with pr > 100 GeV.

The muon reconstruction efficiency measured using Z — uu events as a function of
the muon 5 and for muons with pr > 15 GeV is shown in Figure 3.6 (a) for the three
identification selections. Loose and Medium selections have very similar efficiencies,
with the exception of the || < 0.1 region, where the Loose selection fills the MS acceptance
gap using both segment-tagged and calorimeter-tagged muons. The muon reconstruction
efficiency as a function of the muon pt and for muons passing the medium selection is
shown in Figure 3.6 (b).

3.3.3 Isolation

Two isolation variables are defined, a track-based isolation variable using only the ID
information, and a calorimeter-based isolation variable when only the calorimeter mea-
surement is employed.

The track-based isolation variable can be defined either with a fixed radius of AR =0.2,
in which case is referred to as p%oneo.z’ or a pr-dependent size of AR = min(10 GeV/ p‘; 0.3),
in which case it is called p¥arconeo.3’ and it is defined as the sum of transverse momenta of
all tracks around the muon candidate excluding its track pr. The variable radius is useful
to improve the performances for muons produced from the decays of particles with high

transverse momentum.
topcone0.2
T

energy of topological clusters in a cone of size of AR = 0.2 around the muon candidate,
with the exception of its energy deposit and correcting for pile-up effects [107].

The calorimeter-based isolation variable E is defined as the sum of transverse

@) -ap"™)
v I(r(q/lg“:f)I2s+|rr(q/1c>“3)\2

5This variable can be written as: p’ = 2 T'“;T o

“This variable is defined as: oy =
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Figure 3.6: Figure (a) shows the muon reconstruction efficiency measured using Z — uu
events as a function of the muon 5 and for muons with pt > 15 GeV for the Loose (yellow
rhombus), Medium (red square) and Tight (blue circle) identification selection using the full
Run 2 dataset. Figure (b) shows the muon reconstruction efficiency for the medium selection
as a function of the muon pr. The expected efficiency as predicted by the simulation is
shown as open symbols, while filled dots indicate the observed efficiency measured using
the full Run 2 dataset with statistical uncertainties. In both figures, the bottom panel shows
the scale factors as the ratio between the observed and expected efficiencies [110].

Several working points are defined for different analysis purposes. The VH,H — bb
analysis described in Chapter 6 uses the HighPtTrackOnly optimized using a fixed radius
cone giving an efficiency greater than 95% for prompt muons ( and pr dependent), and
the Fixed-Cut Loose with a variable cone size for both the track-based and the calorimeter-
based variables yielding a 99% isolation efficiency for prompt muons across the full pr
spectrum. The muon isolation efficiency for prompt muons is measured using Z — uu
events in the momentum range between 10 and 120 GeV with the simulation being
matched to the data using scale factors compatible with unity [108].

3.4 Tau leptons

With a mass of m, = 1.777 GeV [45], the 7 is the only lepton heavy enough to decay both
into leptons and hadrons, decaying leptonically in 35% of the cases (r — ¢ v,v; and
T — U~ v,v;), and hadronically (typically pions or kaons) in the remaining 65%. Having a
proper decay length of 87um [45], T-leptons typically decay before the active region of
the ATLAS detector, therefore they can only be identified from their decay products.
Hadronic 7 decays are characterized by a clear signature in the detector represented by
a “spray” of very collimated particles, called a 7-jet, containing one or three charged pions
in 72% and 22% of the cases, respectively. Charged kaons are present in the majority of
the remaining hadronic decays. Jets from 7 decays are reconstructed using the anti-k,
algorithm (see Section 3.5) with a radius of R = 0.4 and calorimeter topo-clusters as input.
Kinematic requirements are imposed on 7 candidates of py > 20 GeV and || < 2.5. A
BDT-based identification is then performed to reject the main background contribution
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given by jets of energetic hadrons produced via quarks or gluons fragmentation [111].
Leptonic 7 decays are reconstructed using the electrons and muons selection criteria
defined in Sections 3.2 and 3.3.

3.5 Jets

The hadronization of quarks and gluons produces a spray of collimated hadrons called
jet. The primary aim of the jet reconstruction algorithm is to re-combine all particles
from the hadronization to obtain a physics object whose characteristics are as close
as possible to those of the initial parton. The jet definition changes according to the
type of inputs used to reconstruct the jet. Jets reconstructed using truth stable particles
from Monte Carlo simulation are called particle jets, jets built from a combination of
reconstructed tracks in the detector are referred to as track jets and jets reconstructed
from the energy deposits in the calorimeter topo-clusters (see Section 3.2.1) are called
topo-cluster jets. This last definition is used by many ATLAS analyses, including the
VH,H — bb one described in Chapter 6.

An alternative approach was developed exploiting the measurements from both the
tracker and the calorimeter to build an object called particle-flow jet [112]. The advantage
of this new jet definition is the combination of two complementary measurements.
The calorimeter has a better momentum resolution at high-pr and provides energy
measurement in the region not covered by the tracker. On the other hand, the tracker
has a better momentum resolution at low-pt, a better angular resolution and the ability
to disentangle multi-parton interactions to suppress pile-up vertices.

In the following, only topo-cluster jets will be discussed as they represent the default
jet definition used in the VH, H — bb analysis. The algorithm used to re-combine the
topo-clusters to form a jet is the anti-k, algorithm [113]. Topo-clusters are sequentially
added one at a time according to the following distance measures:

[1 1]AR§~ a4
dij=min| —,— |[—5, 3.4)
ki k7 ) R?
1
d,‘B:k—z, (35)

where ARI.ZJ. = (yi—y;)* +(¢i — ¢)*, and ki), vi(j), $ij are the transverse momentum, the
rapidity and the azimuthal angle of cluster i(}), respectively, and R is a fixed parameter
of the algorithm related to the radius of the jet. The algorithm starts from building all
possible d;; and d;z, finding the smallest among them. If it is a d;;, then clusters i and j
are recombined, if it is a d;p, the cluster i is defined as a jet and removed from the list of
available topo-clusters. This can be rephrased saying that the hard particles are clustered
first with respect to the soft ones. The distances are then recalculated and the procedure
repeated until no more clusters are found. A nice feature of the anti-k, algorithm is that
the jets built from hard particles have a circular shape in the n — ¢ plane around the jet
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axis, as shown in Figure 3.7.

anti-k,, R=1 |

Figure 3.7: A sample parton-level event (generated with HERWIG [114]), clustered with the
anti-k, jet algorithm with radius R = 1, illustrating the circular areas of the resulting hard
jets [113].

3.5.1 Jet Energy Calibration

The jet energy scale (JES) calibration aims at restoring the energy scale of the jets
reconstructed in the detector to the one of the truth jets. Five different corrections
are applied to account for pile-up contaminations, energy lost in dead material, showers
not fully contained in the jet cone (out-of-cone effects) and non-uniform response of the
electromagnetic and hadronic calorimeters.

Origin correction The reconstructed jet is expected to originate from the hard scatter
vertex, therefore the direction of its four momentum is corrected so that it points to the
primary vertex of the interaction.

Pile-up correction The pile-up contribution inside a jet is estimated from the median
pr density of the reconstructed jets in the y — ¢ plane, divided by the jet area. Once
subtracted from the total jet energy, an additional correction is estimated at Monte Carlo
level as a function of the mean number of interactions per bunch crossings < u > (see
Equation 2.3) and the number of reconstructed primary vertices in the event.

Absolute JES calibration This correction is applied to the reconstructed jet four-
momentum in order to match it to the particle-level energy scale. First, the reconstructed
jets are matched to the truth jets within a cone of AR = 0.3, then the jet energy response is
calculated from a fit to the E™/Etuth ratio, which is assumed to be gaussian-distributed,
in bins of Etuth and .

Absolute n-intercalibration The jet energy response can vary as a function of , es-
pecially at boundaries between different calorimeter technologies and granularities. An
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additional correction is derived from the ratio between the reconstructed and truth jet n,
parametrized as a function of the reconstructed jet  and truth jet energy Etuth,

Global sequential calibration The jet energy response can be particularly sensitive
to the jet flavour, the energy distribution of the constituent particles, and the initiating
particle. In fact, the hadrons contained in a quark-initiated jet carry a large fraction of
the jet pt, whereas a gluon-initiated jet typically includes much softer particles. These
fluctuations in the jet response are reduced by a series of multiplicative corrections that
improve the jet energy resolution without changing the average jet response.

In-situ corrections This final step aims to recover the residual differences between
the jet energy response measured in simulation and data. First, an n-intercalibration
is performed exploting the pr-balance between jets in different n regions, where the
energy scale of the forward jets (0.8 < <4.5) is calibrated against the one of the central
jets (In] < 0.8). In a second step, the Z/y+jets analysis uses a well calibrated Z boson
decaying into an electron or muon pair, or a y to constrain the pt of the recoiling jet in
the 20 < pr < 500 GeV and 36 < pr < 950 GeV ranges, respectively. Finally, a multi-jet
method is used to extend the pr range of the calibration up to 2 TeV using a system of
well calibrated lower pr jets balanced against a single very high-pr jet. A convolution of
all these corrections provides a smooth single calibration which can be applied to the
full pr spectrum of the data, as shown in Figure 3.8 (a).
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Figure 3.8: Figure (a) shows the ratio of the jet response in data to the one in simulation as
a function of jet pt for the Z+jets, y+jets, and multi-jet in-situ calibrations. The final derived
correction (black line) and its statistical (dark blue) and total (light green) uncertainty bands
are also shown. Figure (b) shows the fractional jet energy scale systematic uncertainty
components as a function of jet pr for R=0.4 anti-k; jets at = 0.0. The total uncertainty
(all components summed in quadrature) is shown as a filled region topped by a solid black
line [115].

The systematic uncertainties on the jet energy scale measurement come mainly from
the in situ calibrations and are calculated separately for the Z+jets, y+jets and multi-jet
techniques. Additional contributions come from the n-intercalibrations, the residual mis-
modelling of the pile-up in Monte Carlo simulation, the difference in the jet response
between jets containing heavy or light flavour quarks, and between quark or gluon-



3.5 Jets 57

initiated jets. Furthermore, an uncertainty related to the so called “punch-through” jets,
that are high energetic jets exceeding the hadronic calorimeter, is also considered. The
total jet energy scale uncertainty is shown in Figure 3.8 (b) together with each single
component as a function of the jet pr.

3.5.2 Jet Energy Resolution

A precise knowledge of the jet energy resolution (JER) is essential for many analyses
which study the properties of SM particles decaying into jets, or analyses relying on a
well measured missing transverse momentum. The JER measurement is performed using
the same technique as for the in situ calibration, but using the width of the jet response
in pr instead of its mean. In the central rapidity region, the JER is measured using Z+jets
and ytjets events. In the forward pseudorapidity region and in the high-pt region, a well
defined di-jet system is used [116]. The final JER can be parametrized as:

7en) N o 5 ec, (3.6)

PT PT DT

where N represent the noise term due to the electronic front-end of the detector, S is
a stochastic term which collects all the statistical fluctuations on the energy deposit
and C is a constant term including energy losses in dead material or corrections to the
non-uniform response across the calorimeter.

Figure 3.9 (a) shows the jet energy resolution measured in simulation and in di-jet
events as a function of the jet pr, while Figure 3.9 (b) shows the uncertainty on the jet
energy resolution as a function of the jet pr, separating the uncertainties from the in
situ measurements and the data/MC simulation difference.

3.5.3 Jet selection

Jets reconstructed in the detector could also be generated by problems in the calorimeter
hardware, beam-gas interactions, or showered induced by cosmic rays. These “fake” jets
are rejected by applying quality criteria on the shape of the electrical signal collected in
the calorimeter cells and the deposited energy.

Furthermore, the topo-clusters reconstructed in the calorimeter can be contaminated
by both in-time and out-of-time pile-up. Even though the transverse energy from pile-up
contributions is subtracted in the second step of the JES calibration, local fluctuations
can still arise due to spurious jets. For this reason, variables able to discriminate between
pile-up and hard-scattered jets are combined into a single likelihood function whose
output, between 0 and 1, corresponds to the probability of a jet originating from a pile-up
or a primary interaction, respectively. Based on the studies presented in Ref. [118], a
value of the discriminant “Jet-Vertex-Tagger” (JVT)> 0.59 was set as default for the jet
selection, finding a 92% efficiency for hard scattering jets and a 2% fake rate for pile-up
jets.
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Figure 3.9: Figure (a) shows the relative jet energy resolution %TT) as a function of the jet

pr for anti-kt jets with R = 0.4. The resolution from Monte Carlo simulation is compared to
the one in data and the error bars on points indicate the total uncertainties on the derivation
of the relative resolution in dijet events, adding in quadrature statistical and systematic
components. The result of the combination of the in situ techniques is shown as the dark
line. Figure (b) shows the uncertainty on the relative jet energy resolution as a function of
the jet pt for anti-k; jets with R = 0.4 and = 0.2. The total uncertainty is shown as a filled
region topped by a solid black line together with the uncertainties from the in situ methods
and the uncertainty on the noise term [117].

3.5.4 Truth Flavour Labelling

Jets in simulation can be identified by the truth flavour of the quark from which they
were initiated. The labelling scheme is performed at truth level using a AR matching
scheme. Final state hadrons with pr > 5 GeV and within AR < 0.3 from the jet axis are
assigned to the corresponding jets. Since the hadron can be assigned to only one jet, the
closest jet in AR space is chosen. The truth flavour of the jet is then assigned with the
following iterative procedure:

« if a truth b-hadron is matched to the jet, the jet is labelled as a b-jet;

« if a truth c-hadron is matched to the jet, and no b-hadron is found, the jet is labelled
as a c-jet;

« if a -lepton is matched to the jet, the jet is labelled as a 7-jet.

« else, the jet is labelled as a /-jet.

3.6 Missing transverse energy

In collider experiments, the sum of transverse momenta of the collision products must be
equal to 0. Any imbalance in the transverse momentum, referred to as missing transverse
energy EIF“iSS, can indicate the presence not only of SM neutrinos, but also of weakly
interacting particles not predicted by the SM.

Two terms contribute to the reconstruction of the E%liss, a hard-term and a soft-term, as
explained in Ref. [119]. The hard-term contains only reconstructed and fully calibrated
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objects compatible with the hard scatter. Since the calorimeter measurements are not
exclusive, the same signal might be used to reconstruct both an electron and a jet, causing
a double-counting of the same signal when calculating the E%ﬁss. Therefore, calorimeter
signals are assigned to the physics objects contributing to the Eaniss in the following
order: electrons (¢), photons (y), hadronically decaying r-leptons, jets, and muons (u).

The soft-term is reconstructed from all the additional detector objects not associated
to the hard-term and can be calculated as a track-based soft term (TST) or a calorimeter-
based soft term (CST). The TST term is reconstructed from ID tracks not associated to any
physics objects of the hard-term. The main advantage of this method is the ability to
disentangle the primary vertex from additional pile-up vertices. On the other hand, the
CST term is computed from energy deposits in the calorimeter and has the advantage of
accounting for both charged and neutral components and of having a larger coverage.
However, given the poor angular resolution of the calorimeter, it is very difficult to
associate a cluster to a specific primary vertex, therefore energy deposits due to pile-up
are summed in the total energy of the topo-cluster. For this reason, only the TST term is
considered in the computation of the EEF“iSS soft-term in ATLAS.

The x(y) components of the reconstructed E%“SS can be parametrized as follows:

miss _ j-miss,e miss,y miss,t miss,jets miss,u miss, soft
Evoy =Ecyy tEqy TEwg TEny tEy TELy

(3.7)
where each term is given by the negative vectorial sum of the momenta of the respective
calibrated objects. The final missing transverse energy is obtained as a sum in quadrature

of its x and y components:

. iss.2 iss.2
Emiss = [pmiss +E;nlss,_ (3.8)

Three working points, Loose, Medium and Tight are defined according to the require-
ments used to select the jets entering the ETmiss reconstruction, as explained in Ref. [120].
Systematic uncertainties on the EaniSS are divided into two main sources: the uncertain-
ties affecting the calibration of the physics objects entering the hard-term and those
on the soft-term which are evaluated using Z — ee and Z — uu events with no expected
EMSS, and no jets with pr > 20 GeV. From the width of the EI'sS distribution one gets a
measure of the resolution of the Eaniss reconstruction. The main sources of uncertainty
on the EITniss reconstruction come from the JES and the n-intercalibration, while the JER
enters in the EX"*® resolution.

3.7 Overlap removal

In the offline reconstruction it is possible that a signal left in a sub-detector is used to
reconstruct multiple physics objects. To avoid double-counting, an “overlap removal”
procedure using only reconstructed and fully calibrated objects is defined as follows [121]:
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Jet-electron If AR(e,jet) < 0.2, the jet is removed as the electron cluster was likely used
to reconstruct the jet. Without this criterion, almost all electrons would be double-
counted as jets.

Electron-jet If an electron is found within AR(e,jet) < 0.4 from the jet axis, the electron
is removed as likely to be originating from a heavy flavour decay inside the jet.

Muon-jet If they lie within a cone of AR(u,jet) < 0.2 or the muon track extrapolated to
the ID is associated to the jet, the jet is removed if it contains less than 3 tracks with pt >
500 MeV or if the ratio between the muon and jet momentum exceeds 0.5 or if the ratio
between the muon pt and the sum of the pr of all tracks associated to the jet is less than
0.7. For any surviving jet, the muon is removed if AR(u,jet) < min(0.4,0.04 + 10 GeV/ p’;),
as likely to be originated from a heavy flavour decay.

Tau-jet If the 7 lies within a cone of AR(r,jet) < 0.2 from the jet axis, the jet is removed.

Electron-muon If a combined muon shares an ID track with an electron, the electron
is removed. On the other hand, if a calorimeter-tagged muon shares a ID track with an
electron, the muon is removed.

Tau-electron If AR(t,e) < 0.2, the 7 is removed.

Tau-muon If AR(r,u) < 0.2, the 7 is removed, unless it has pr > 50 GeV and the u is not
a combined-muon.



Flavour Tagging in ATLAS

The identification of jets containing b-hadrons plays an important role in many areas
of the ATLAS experiment physics programme. It has been crucial in the observation of
the H — bb decay mode and the #H production mode, and it is a key ingredient for a
large number of Standard Model precision measurements or searches for new physics
phenomena.

The algorithms developed to identify b-jets from c-jets and [-jets, referred to as b-

tagging algorithms, exploit the long lifetime and high mass of b-hadrons, as well as their
high decay multiplicity and the properties of the b-quark fragmentation.
Since b-hadrons lifetimes are of the order of 1.5 ps, in the laboratory frame their average
decay length is increased by the boost to (I) = Bycr. A b-hadron of pt = 50 GeV will travel
about 3 mm in the transverse direction before decaying, leading to topologies with at
least one decay vertex.

Two classes of algorithms aim at identifying such topologies. The first consists of using
the impact parameters of the tracks associated to the charged products of the b-hadron
decay. The second approach uses the tracks to explicitly reconstruct the secondary vertex
or the full decay chain. The most discriminating observables of these low-level algorithms
are combined in a multivariate analysis which provides the best separation between the
different jet flavours.

This chapter contains an overview of the b-tagging algorithms used by the ATLAS
Collaboration and a description of the statistical tagging which is of particular interest
for the VH, H — bb analysis described in Chapter 6.

4.1 Track selection and track-jet matching

The selection of the tracks used in the b-tagging algorithms is designed to reject fake
tracks (in which not all hits used for the track reconstruction originate from a single
charged particle), tracks from long-lived particles such as K5 or A, and material inter-
actions like photon conversion or hadronic interactions. The track selection applied
for the impact parameter algorithms requires tracks with pr > 1 GeV, | dy | < 1 mm and
| zo | sin@ < 1.5 mm, and at least seven silicon hits with at most two silicon holes, at most
one of which is in the pixel detector.

The Secondary Vertex (SV1) [122] and the JETFITTER [123] algorithms use a looser
selection to maximise the sensitivity of identifying tracks from material interactions or
long-lived particles which are then removed for b-tagging purposes. Tracks with p > 500
MeV, | dy | < 3.5 mm and no cut on zo (| zo | sin@ <5 mm) are selected by the SV (JETFITTER)
algorithm [124]. Both SV1 and JETFITTER require at least one hit in the pixel detector.

61
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The first step of a b-tagging algorithm is to associate the track from a decay product
to the corresponding jet which is reconstructed from topological clusters of energy in
the calorimeters. This is done by exploiting the angular separation AR between the
track momenta and the jet axis, defined as the vectorial sum of the four-momenta of the
clusters associated with the jet [125]. The cut on AR varies as a function of the jet pr, as
the tracks inside a high-pr jet are more collimated than in a low-pr jet. For jets having
pr =20 GeV, AR, = 0.45, while for jets having pt = 150 GeV, AR, = 0.26 [124]. In case
more than one jet fulfills this requirement, the closest jet is chosen.

4.2 Low-level b-tagging algorithms

This section summarises the different algorithms used to separate b-jets from c-jets and
[-jets. The information carried by the impact parameter (IP) of the reconstructed tracks is
used by the IP2D, IP3D and IPRNN algorithms, the SV1 algorithm aims at reconstructing
a single secondary vertex in the jet while the JETFITTER technique is able to resolve the
topological vertex structure of b-hadron decays inside the jet.

4.2.1 Impact Parameter based Algorithms

The transverse impact parameter dy is defined as the distance of closest approach of
the track to the primary vertex in the r — ¢ plane. The longitudinal impact parameter
7o corresponds to the z coordinate of the track at the point of closest approach (but
70 sin@ is finally used in the impact parameter based algorithms). A schematic view of the
transverse impact parameter is shown in Figure 4.1.

This is a powerful information to discriminate between tracks originating from a b-hadron
and tracks coming from the primary vertex. In fact, given the displaced topology of the
b-hadron decay, the tracks associated to its decay products will typically have an impact
parameter larger than zero in absolute value. On the contrary, the impact parameter of
the tracks in a /-jet will be compatible with zero in absolute value. A sign is given to the
impact parameter to further discriminate between the b-hadrons children and the tracks
coming from the primary vertex. The sign is positive if the track extrapolation crosses
the jet direction in front of the primary vertex, and negative otherwise. Therefore, tracks
originating from the decay of a b- or a c-quark will have a positive sign. The signed
transverse and longitudinal impact parameter significances are used as discriminants
between different jet-flavour hypotheses. These are defined as S 4, = dy/oy, and S, =
20/0,, where o, and o, are the uncertainties on the reconstructed dy and zy. Figure 4.2
shows their distributions for good quality tracks, meaning those having a hit in all pixel
and SCT layers (see Ref. [125] for details on the track categorization), selected inside
b-jets, c-jets and [-jets. The asymmetric shape of the distribution between the b-jets and
c-jets, particularly enhanced in the positive sign region, can be clearly observed.

IP2D and IP3D The IP2D and IP3D algorithms [126] rely on the signed IP significance.
They are based on a log-likelihood ratio (LLR) method in which, for each track, the mea-
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b-jet

Figure 4.1: Schematic view of the transverse impact parameter dj.
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Figure 4.2: Transverse (a) and longitudinal (b) impact parameter significance in 7 events of
tracks associated to b-jets (green), c-jets (blue) and I-jets (red) and belonging to the “Good”
category (see Ref. [125] for more details on the track categorization).
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sured IP significance is compared to probability density functions (PDFs) obtained from
MC simulation for b-, c- and light-flavour-jet hypotheses. Tracks are divided into exclu-
sive categories depending on the hit pattern left in the pixel and the SCT sub-detectors,
and a single PDF is derived for each category in order to increase the discrimination
power between the different jet flavours. More details on this categorization can be found
in Ref. [127]. A 7 sample is used to derive the PDFs for all track categories except those
where no hits are found in the first two layers of the pixel detector; these categories
mainly contain b-jets in which the b-hadron decays after the second pixel layer and
are better simulated by a Z’ — 17! sample containing a large fraction of high-pt b-jets.
The PDFs are obtained using the 1D distribution of the transverse IP significance in the
case of the IP2D tagger and the 2D distribution of the transverse and longitudinal IP
significance for the IP3D tagger.

The ratio of PDFs for each track defines the track weight while the jet weight is obtained
by summing the logarithms of the individual track weights, so that the final log-likelihood
ratio between two different jet flavour hypotheses P; ;) can be written as:

N PDF; (P
( ) ZPDF i) 1)

where IP; corresponds to the impact parameter significance of track k, N is the total
number of tracks and PDF;;, represents the probability density function for the jet flavour
hypothesis i(}).

Three LLRs are built to separate b-jets from c-jets, b-jets from [-jets and c-jets from
[-jets for both taggers. The output of the LLRs, which are shown in Figure 4.3, are used
as inputs to the high-level taggers.
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Figure 4.3: Log-likelihood ratios for the IP2D tagger in (a) and IP3D in (b) for b-jets (solid
green), c-jets (dashed blue) and I-jets (dotted red) [125].

17’ is a heavy gauge boson predicted by physics beyond the SM theory. In this case, the Z’ is a Dark Matter
mediator.
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IPRNN Many tracks can originate from the decay of a b-hadron inside a jet. One of
the main assumptions of the IPXD algorithms is that the per-track flavour conditional
likelihood can be computed independently for each track. This does not take into account
the fact that if a track is found with a high impact parameter, then it is more likely to
find another track with a high impact parameter. If no displaced vertex is present, as
in light jets, this correlation between tracks does not exist. This is shown in Figure 4.4,
where the 2D distribution of the transverse impact parameter significance S, for the
leading and subleading transverse impact parameter significance tracks is plotted for
b-jets and [-jets.
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Figure 4.4: Distribution of the dj significance for the leading and subleading d significance
tracks in b-jets (a) and [-jets (b) in ¢f simulated events [128].

Recurrent neural networks (RNN) are used to overcome this limitation [129]. For each
track the transverse S 4, and longitudinal S ,, impact parameter significances, the distance
between the track and the jet axis AR(track,jet), the fraction of transverse momentum
of the jet carried by the track and the track category, as defined in the IPXD algorithms,
are passed as inputs to the recurrent neural network. The outputs of the algorithm are
the probability density functions for a track to be originated by a b-jet (p;), a c-jet (p.), a
[-jet (p;) and a 7-jet (p;). These are combined into a discriminant function for the b-jet
hypothesis:

Pb
Jepe+ fepe+ (L= fo= fopi”
where f. and f; are the c-jet and 7-jet fractions.
The impact parameter RNN (IPRNN) algorithm yields twice the light flavour rejection
and about 1.2 times the c-rejection of the IP3D algorithm.

Dran(b) = log

(4.2)

4.2.2 Secondary vertex finding algorithm

The Secondary Vertex algorithm SV1 [122], aims to reconstruct a single displaced sec-
ondary vertex in a jet. All reconstructed tracks within a jet undergo a cleaning proce-
dure to remove tracks originating from photon conversions, hadronic interactions, and
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long-lived particles like K, and A. Fake vertices originating from pile-up are rejected
by considering only the 25 highest-p tracks. This criterion preserves a large fraction
of tracks from the b-hadron decays while removing most of the fragmentation tracks
originating at high energy.

The reconstruction starts with two-track combinations and runs iteratively over the
list of tracks that passed the cleaning procedure, adding to the vertex only the tracks
giving a reasonable y?. Vertices with large masses are removed as likely not coming
from a b-hadron or a c-hadron decay. Vertices with a secondary track having associated
detector hits with radii smaller than the radius of the reconstructed SV are also rejected.
With this approach, only a single inclusive secondary vertex can be reconstructed and it
could contain decay products from both b- and c-hadron decays.

Eight discriminating variables are constructed and serve as inputs to the high-level
taggers: the number of tracks associated with the SV1 vertex (Npyarvix), the number of
two-track vertex candidates (Nyryvix), the invariant mass of the secondary vertex (m),
its energy fraction (fg) (defined as the total energy of all the tracks associated with the
secondary vertex divided by the energy of all the tracks associated with the jet), the
two-dimensional (L,,) and three-dimensional (L,,,) distance between the primary and
secondary vertices (decay length), the three-dimensional decay length divided by its
uncertainty (S .), and the AR between the jet axis and the direction of the secondary
vertex relative to the primary vertex. The distributions of some of these variables are
reported in Figure 4.5 for b-jets, c-jets and [-jets.
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Figure 4.5: Properties of the secondary vertices reconstructed by the SV1 algorithm for
b-jets (solid green), c-jets (dashed blue) and I-jets (dotted red) in ¢7 events: the invariant
mass (a), the number of tracks (b), the number of two-track vertices in the jet (c) [125].

4.2.3 Multi-vertex finding algorithm

The underlying hypothesis of the SV1 algorithm of having a single vertex for both the
b-hadron and the c-hadron decays is not always valid: when the distance between the
secondary and tertiary decay vertices is larger than the vertex resolution, the tracks
from one of the two vertices can be lost in the fit [130]. For this reason, the JETFITTER
algorithm [123] was introduced to exploit the topological structure of the b-hadron
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and c-hadron decays in order to reconstruct the full b-hadron decay chain. A modified
Kalman filter (see [131] for the standard version of the filter) is used to find a common
line on which the PV, the b-hadron, and c-hadron decay vertices lie, which corresponds
approximately to the b-hadron flying direction. Charged particles originating from
either the b-hadron or the c-hadron must intersect this line. With this approach also
incomplete topologies with a single track from the b-hadron decay and a single track
from the c-hadron decay can be reconstructed.

Eight discriminating variables are constructed and serve as inputs to the high-level
taggers: the number of 1-track vertices (N;_ik vertices), the number of two-track vertex
candidates (Nyrrvix), the number of vertices with at least two tracks (N_.»_trk vertices), the
number of tracks from vertices with at least two tracks (Nruarvix), the average flight
length significance of the reconstructed vertices (S,,.), the invariant mass of tracks fitted
to one or more displaced vertices (m), the energy fraction (fg) (defined as the energy from
the tracks in the displaced vertices relative to all tracks reconstructed within the jet), and
the AR between the jet axis and the vectorial sum of momenta of all tracks attached to
the displaced vertices. Distributions of some of these variables are reported in Figure 4.6
for b-jets (green), c-jets (blue) and [-jets (red).
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Figure 4.6: Properties of the decay topology reconstructed by the JETFITTER algorithm for
b-jets (solid green), c-jets (dashed blue) and /-jets (dotted red) in 7 events: the average flight
length significance of the reconstructed vertices (a), the invariant mass of tracks fitted to
one or more displaced vertices (b) and the energy fraction (c) [125].

4.3 High-level tagging algorithms

The high-level taggers combine the inputs from the low-level taggers using a multivariate
classifier in order to maximize the b-tagging performance. Three taggers are currently
available, the MV2 using a Boosted Decision Tree, and DL1 and DLI1r based on deep
learning neural networks.
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4.3.1 Training samples

The previous versions of the multivariate (MV) high-level taggers used by the ATLAS
experiment were trained with 7 events. However, the spectrum of jets in this sample is
steeply falling from 250 GeV making the MV training performance in the medium and
high jet pr region not optimal. To overcome this limitation, a Z’ sample with an artificially
wider jet pt spectrum was designed to cope with kinematic regions not accessible by the
tf sample.

The 17 sample is simulated with the POWHEG + PYTHIA8 generator and only 7 decays
with at least one lepton from a W boson decay are taken into account. The Z’ sample is
simulated using the PYTHIA8 generator, where event-by-event reweighting factors are
applied in order to broaden the natural width of the Z’, thereby extending the pt range
of jets produced in hadronic decays. The branching fractions of the Z’ decays are set to
be one third each for bb, c¢ and light jets. A new hybrid sample is produced by including
the b-jets from 7 decays for values of the jet pr <250 GeV and b-jets from Z’ decays for
jet pr > 250 GeV.

Figure 4.7 (a) and 4.7 (b) show the jet pr distribution of the 77 and the Z’ samples for
b-jets and [-jets, respectively, while Figure 4.7 (c) shows the b-jet pt distribution for the
final hybrid sample used to train the high-level taggers.
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Figure 4.7: Distribution of the jet pt of the b-jets (a) and I-jets (b) originating from ¢7 (red)
and Z’ (black) decays. The distribution of the b-jet pr for the hybrid sample is reported in
(c) [132].
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4.3.2 MV2 discriminant

The MV2 discriminant [132] consists of a Boosted Decision Tree trained on the hybrid 7 +
7’ sample using the ROOT Toolkit for MultiVariate Data Analysis (TMVA) package [133].
Jets stemming from the hadronization of a b-quark are considered as signal while jets
produced by c-quarks or I-quarks are treated as background. The outputs of the low-level
taggers are combined in a multivariate analysis together with the jet pr and 7 to exploit
their correlation with the other variables.

To avoid any difference in the kinematic distributions of the b-jets with respect to
the c-jets and [-jets being used to discriminate between the jet flavour, the pr and
distributions of the b-jets are reweighted to match the spectrum of the /-jets ones. In
order to enhance the c-jets rejection whilst preserving a high /-jets rejection, the c-jets
fraction in the training is set to 7% and the /-jets to 93%. The naming convention of the
MV?2 algorithm reflects the fraction of c-jets, and consequentially /-jets, present in the
training sample. The "MV2cXX" algorithm will have a fraction XX% of c-jets and (100%
- XX%) of I-jets. Many configurations have been tested and the MV2c10? one has been
found to have the best balance between c-jet and /-jet rejections.

The variables entering the MV2c10 algorithm are listed in Table 4.1 and the output
MV2c10 discriminant is shown in Figure 4.8 (a) for b-jets, c-jets and /-jets in 7 simulated
events.

4.3.3 DL1 discriminant

The DL1 tagger [132] is based on a deep feed-forward neural network (NN) trained using
Keras [134] with the Theano [135] backend and the Adam optimiser [136]. The input
variables used in the training are the same used to train the MV2c10 discriminant with
the addition of the c-tagging JETFITTER variables which exploit the specific features of
the secondary and tertiary vertices. The full list of input variables entering the training
is reported in Table 4.1.

As the jet pr and n are added as variables in the training, a reweighting procedure
similar to the one adopted for the MV2c10 training is performed to match the kinematic
distributions of the b-jets to those of the /-jets. The output of the DL1 training corre-
sponds to the probability for a jet to stem from a b-, c- or a light-quark, and can be written
as:

Db
DL1 =1o , 4.3
8 v (=) i (4-3)

where py, p. and pj;,n represent the b-jet, c-jet and /-jet probabilities, respectively, and
f. is the c-jet fraction which can be chosen a posteriori to optimize the performance of
the tagger. The output DL1 discriminant is shown in Figure 4.8 (b) for b-jets, c-jets and
[-jets in 7 simulated events.

To enhance the /-jet rejection, the variables used to train IPRNN can be included in the

2The algorithm is not called MV2c07 for historical reasons as it was decided to keep the naming convention
from Run 1 where the fraction of c-jet was set to 10%.
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Table 4.1: Input variables entering the MV2c10 and the DL1 trainings. The c-tagging
JETFITTER variables are used only in the DL1 training [137].

Input Variable Description
Kinematics pr Jet pr
n Jet ||
log(Pp/ Piight) Likelihood ratio between the b-jet and light-
IP2D/IP3D flavour jet hypotheses
log(Py/Pe) 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
Ntkarvix(SV) Number of tracks used in the secondary vertex
Notievix (SV) Number of two-track vertex candidates
L,y(SV) Transverse distance between the primary and
secondary vertex
Lyy-(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 (Piet, Pyix)(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
fedF) Energy fraction of the tracks associated with
the displaced vertices
TerFITTER AR (Piet, Pyix)JF) AR between jet axis and vectorial sum of mo-

Sxyz(JF)
Nrikawv 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

Lyy, (2" /35ytx) (JF) Distance of 2" or 3'9 vertex from PV
Ly (2 /3dytx)(JF) Transverse displacement of the 2"¢ or 3" vertex
nd /2rd : . . nd
JerFrrTer c-tagging mk (27 /3" vtx) (JF) I;;/zi/r;?g; mass of tracks associated with 2"¢ or
Erac (2M/31vtx)(JF) Energy fraction of the tracks associated with
27 or 3 vertex
fe (2™ /3yvtx)(JF) Fraction of charged jet energy in 2" or 3™

Nriaevix (2"/3"vix) (JF)

ymin ymax_y & (ond3tdyix) (JF)

vertex

Number of tracks associated with 2" or 3™
vertex

Min., max. and avg. track rapidity of tracks at
27 or 3 vertex
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Figure 4.8: Distribution of the MV2c10 (a) and DL1 (b) discriminants for b-jets (solid blue),
c-jets (dotted green) and /-jets (dashed red) for ¢7 events [137].

DL1 training in order to exploit the spatial and kinematic correlations between tracks
originating from the same b-hadron. This approach has shown to improve the tagger
performance especially in the high jet pr regime. The correspondent tagger is called
DLI1r.

4.4 b-jet tagging efficiency and algorithms performance

The performance of a tagger can be estimated by evaluating its ability to reject the
background hypothesis, represented by the c-jets and /-jets components, with respect
to the signal hypothesis represented by a jet containing a b-hadron. The efficiency of a
tagger is defined as:

~_ Number of jets of flavour j passing cuts
&= Number of jets of flavour j

(4.4)

where the flavour j is assigned based on the quark flavour: a jet is labelled as a b-jet if a
b-quark with pr > 5 GeV is found in a cone of size AR = 0.3 around the jet direction. If no
b-quark is found, the labelling hypotheses of c-jet and 7-jet are tried sequentially and, if
none is satisfied, the jet is labelled as a /-jet.

The rejection of a tagger is defined as 1/¢; and is evaluated at specific values of the
efficiency called “working points” (WPs). These are based on a fixed selection require-
ment on the b-tagging algorithm distribution ensuring a b-tagging efficiency g, and are
evaluated on 17 events. A tagger with a higher c-jet and /-jet rejection rate at a specific
WP with respect to another has a better performance. Table 4.2 shows the value of the
cut on both the MV2c10 and DL1 discriminants which gives a certain efficiency g, and
the corresponding rejection of the taggers against c-jets, r-jets and [-jets.
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Table 4.2: Fixed cuts defining the efficiency working points and the related c-jet, r-jet and
I-jet rejections for the MV2c10 and DL1 taggers, evaluated on # events [137].

e MV2 DL1
Selection Rejection Selection Rejection
c-jet | 7-jet | Light-flavour jet c-jet | 7-jet | 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

The MV2c10 and DL1 distributions can be divided into five “pseudo-continuous” bins
whose edges are defined by the efficiency working points 85%, 77%, 70% and 60% listed
in Table 4.2. This binned distribution, also called PCBT from “pseudo-continuous b-
tagging”, is much easier to calibrate with respect to the full continuous output of the
b-tagging algorithm and can be used by physics analyses as a powerful discriminant
against backgrounds containing non b-jets, as explained in Chapter 6. The shape of the
PCBT distribution is reported in Figure 4.9, separately for b-jets, c-jets and [-jets.
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Figure 4.9: Shape of the binned PCBT distribution for b-jets (solid blue), c-jets (dotted
green) and /-jets (dashed red) for the MV2c10 tagger. (Courtesy of Ilaria Luise, Laboratoire de
Physique Nucléaire et de Hautes Energies (LPNHE)).

The c-jet and [-jet rejections as a function of the b-tagging efficiency on 7 events are
shown in Figure 4.10 for both the low-level and high-level taggers. It can be observed
that combining the information from the low-level taggers into a multivariate analysis
improves the rejection of the c-jets and /-jets components.
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Figure 4.10: c-jet (a) and [-jet (b) rejections as a function of the b-tagging efficiency for
the low-level (IP3D, SV1, JetFitter) and high-level (MV2c10, DL1) taggers evaluated on 77
events [137].

4.5 Truth tagging procedure

If the signal is characterized by the presence of b-jets, as in the case of the VH,H — bb
analysis described in Chapter 6, the rejection capability of the b-tagging algorithms can
result in low c-jet and /-jet population during the training. One way to overcome this
limitation and reduce the statistical fluctuations in these samples is to avoid removing
events failing the b-tagging requirements, and instead apply a weight to each MC event,
based on the desired number of b-jets in the event. In practice, this is done by giving
events with real b-jets in MC a much higher weight than events having only c-jets or
I-jets. This procedure is referred to as “truth tagging" since it makes use of the truth
flavour label of the jet to determine the event weight.

If the number of jets m in the event exceeds the number of tagged jets n required
by the analysis, a combinatorial approach is used in order to consider all the possible
permutations of tagged and non-tagged jets. In this case, the total truth tag weight of the
event is defined as the sum of the truth tag weights of each single permutation. Taking
for example an event with three jets, if two b-tagged jets are required and each jet has a
b-tagging efficiency &;, the total truth tagging weight is given by:

wiot = €182(1 —&3) +&1(1 —&2)e3 + £283(1 — €1). (4.5)

The b-tagging efficiencies ¢ 3 3 are obtained from 2-dimensional maps as a function of
the jet pr, n and the truth flavour label and are derived from simulation for a specific
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tagger and a given working point.

In some cases, it is necessary to know which jets are b-tagged among the selected ones,
for example to apply specific analysis selections on top of the b-tagging requirement. In
these cases, a permutation is chosen randomly among all possible ones, with a probability
proportional to its truth tagging weight. In the example of the event with three jets, the
probability of choosing the permutation in which the first two jets are tagged is:

_aa(l-&)
Wiot

Py (4.6)

The higher the weight of the permutation, the higher the probability of choosing it.
Generalizing to the case of an event with m jets and n tagged jets required, the possible
permutations are (’;’) For a given permutation (Z’)i, the total number of remaining

m
n

permutations is (’;’) = (
non-tagged jets are:

) - (’,’;)i, and the efficiency of all tagged jets and inefficiency of all

a((’:)i,x) =[ T, 4.7)

jen
gin > X
nji

where a{(( J) is the tagging efficiency of the jet with flavour f at the given working point

=[] a-&on, (4.8)

jem—-n

X, derived from the 2-dimensional map in jet pr and n corresponding to the flavour f.
Therefore, the final truth tagging weight to be assigned to the event is:

I(;)! —

wrr(X) = Z g((’Z)X) Ein ((’:)X] (4.9)
and the probability of choosing a particular permutation (’r’ll), is given by:
& ((’:)1’ X) “&in ((’rrll)i’X)

wrr(X)
The above formulation for the truth tagging implies that the definition of a tagged

Pi(X) = (4.10)

or non-tagged jet is done a priori, choosing randomly among all possible combinations.
However, it can happen that the real b-tagging score of the jets is in contrast with
the chosen permutation, meaning that the jets defined as tagged by the truth tagging
procedure, have instead a very low b-tagging score. For example, in the case of the
three jets event, assuming the jets having MV2c10 scores equal to 0.20, 0.60 and 0.98,
respectively, if the truth tagging procedure defines the first two jets as tagged jets at 70%
WP, the real scores are not reflecting this choice (as the fixed cut corresponding to the
70% WP of the MV2c10 discriminant is equal to 0.83).

This results in a serious limitation of the procedure, especially when the value of the
b-tagging discriminant for each jet is used as variable in the BDT of a physics analysis (as
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in the case of the VH, H — bb analysis in Chapter 6). Therefore, the b-tagging score of
the jets are re-calculated according to the chosen permutation. In the three jets case, the
first two jets should have a MV2c10 score above the 70% WP requirement, therefore a flat
random number is generated between the [70%,60%] and >60% bins, taking into account
the non flat shape of the MV2c10 distribution (see Figure 4.9). The same procedure is
used to generate the new b-tagging score for the third non-tagged jet in the efficiency
bins <70%.

4.6 Calibration of b-tagging efficiency

The efficiency of a b-tagging algorithm is evaluated on 77 samples and corrected by scale
factors (SF) to match the performances in data. The SF is evaluated per jet flavour,
working point, and as a function of the jet pr and 5. The SF for a b-tagged jet is defined
as:

Kj= - (4.11)

where s‘j?“m is the b-tagging efficiency for the jet flavour j extracted from data, and s?” Cis
the one evaluated on Monte Carlo simulated events. If the event contains non b-tagged
jets, an inefficiency SF is defined as:

1—3‘}.laltal l—Kj‘slj\./IC
. _ , 4.12
! 1—(9?/[C 1—81}/IC ( )

and is applied to the event weight to preserve the total number of events. Furthermore,
the Monte Carlo generators can differ in the shower and hadron decay modelling, lead-
ing to different efficiencies for different MCs. Therefore, an additional multiplicative
correction is applied to the event weight and defined as:

data (MC

Jj Jjref

=~ MC _MC°
Jjref ~jalt

&

K (4.13)
where S%Cef is the efficiency evaluated on the MC generator taken as reference, POWHEG
+PYTHIA8 +EvtGen in the case of the 77 sample, while slj\.,/laclt is the efficiency evaluated on
the alternative generator used in the analysis.

The energy scale and resolution of hadronic jets, the modelling of the /7 and single-top
backgrounds and the data and MC statistics (only in the region py < 40 GeV) are found to
be the main sources of uncertainties in the measurement of the b-tagging efficiency.

Figure 4.11 (a) shows the measured b-tagging efficiency for the 70% working point as
a function of the jet pr for the MV2c10 tagger. The red line corresponds to the efficiency
evaluated in 77 events passing the signal region cuts. The corresponding scale factors are
presented in Figure 4.11 (b). The total uncertainty reaches 1% in the 40 < pt <250 GeV



76 4 Flavour Tagging in ATLAS

range and it is dominated by the modelling of the 77 backgrounds and the data statistics.
Due to the higher impact of the jet energy scale uncertainty in the region 20 < pr <40 GeV,
the uncertainties increases up to 8%, while for pr > 250 GeV the lack of data statistics
gives a total uncertainty of 3%.
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Figure 4.11: b-tagging efficiency as a function of jet pt (a) and corresponding scale factors
(b) for ewp = 70%. The red line corresponds to the efficiency measured in simulated ¢7 events.
The error bars show the data statistical uncertainty while the size of green boxes are obtained
summing in quadrature the statistical and systematic uncertainties [137].

The b-tagging efficiencies resulting from the log-likelihood fit for the five pseudo-
continuous working points are reported in Figure 4.12 for the MV2c10 tagger for the
110 < pr < 140 GeV range where the b-tagging efficiency reaches its maximum.
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Figure 4.12: b-tagging probabilities (a) and the corresponding scale factors (b) measured
in the five pseudo-continuous bins for the MV2C10 tagger for jets with 110 < pt < 140 GeV.
The red line corresponds to the efficiency measured in simulated ¢7 events passing the signal
region cuts. The error bars show the data statistical uncertainty while the size of green boxes
are obtained summing in quadrature the statistical and systematic uncertainties [137].

The misidentification of the c-jets as b-jets plays an important role in many ATLAS
analyses, therefore it is convenient to derive a c-tagging efficiency or c-jet mis-tag
rate [138]. A semileptonic 77 sample with a top quark decaying hadronically and the other
leptonically is used to estimate the c-tagging efficiency. The choice of this sample is
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justified by the fact that 50% of the times, as predicted by the SM, the W boson produced
in the top decay, will decay into a c-quark and in most cases a s-quark. A Kinematic
Likelihood Fitter (KLFitter) [139] is used to correctly assign the jets to the partonic final
state of the 7 process. The corresponding SFs go from ~ 1.1 to ~ 1.6 from the 85% to the
60% working point while the total uncertainty increases from 6% to 20% as the working
point becomes tighter. The scale factor for the 70% working point is shown in Figure 4.13
(a) as a function of the jet pr, as an example.

The [-jets mis-tag rate is evaluated using the negative tag method [140] which is mainly
based on the assumption that the /-jets are mis-tagged as b-jets due to the finite res-
olution of the reconstructed inner detector tracks and their impact parameter. Under
this assumption, the impact parameter distribution of /-jets is expected to be symmetric
around zero, while the tracks from b-jets and c-jets exhibit a longer tail at high positive
values, due to the higher lifetimes (see Figure 4.2). Therefore, the tag rate of /-jets ob-
tained when running the IPXD algorithms after inverting the criterion on the sign of the
impact parameter, is expected to be a good approximation of the mis-tag rate of /-jets
for these algorithms. A similar feature is expected also in some distributions related
to the SV1 algorithm as the signed decay length significance or the secondary vertex
mass. However, [-jets can be mis-tagged also due to the presence of tracks from displaced
topologies, as the decay of long-lived particles, and material interactions from photon
conversions and hadronic interactions. These contributions introduce a bias towards
positive values of the impact parameter distribution of /-jets tracks and are taken into
account by applying correction factors derived from MC.

The negative tag method use variables with inverted signs as input to the MV2c10
algorithm. The scale factors are derived by comparing the mis-tag rate in data and
simulation and are found to be stable around 2 across the full jet pt spectrum, as shown
in Figure 4.13b for the 70% WP.

2

w I e e B T ASamamay O 4Ty —— T =
2 I ATLAS Preliminary c-jet from tt calibration | E F ATLAS Preliminary -4~ Scale factor (stat. unc.) i
8 1.8; 5=13 TeV, 36 o SF (stat.) 7 % 3_5} Scale factor (stat. + syst. unc.)_:
R L Y SF (Stat + SYST) ] 3 E Vs =13 TeV, 0.02 (prescaled) to 36100 pb™ (unprescaled) _|
IS i o 3F MV2c10,e,=70% 1.2<k*1<25 1
T 16 o ]
& 1 B ,sF ]
NN 5 2.5 ]
2 14 . \ ~ g F _+—:
'\ 5 of 4+ —++ =
1.2 ] E ¢ E
B 1.5 -
fPeererrrrnnnnnnnnnnnnnanaataaaaaaaanaaa st aaaaaaaasansnen ] E E
S S S T R —— R —
20 40 60 80 100 . 120 140 102 10° pje‘ (GeV]

jet P, [GeV] T

@) ®)

Figure 4.13: Scale factors for the c-jet (a) [138] and I-jet (b) [140] mis-tag rate for the 70%
b-tagging working point and as a function of the jet pr.
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4.7 Extrapolation to high-pt jets

Given the low number of b-jets in 7 events from pr > 400 GeV, an uncertainty is assigned
in the high-pt region in order to extend the fixed cut WP calibration to the full pr range
explored by many ATLAS analyses. Many sources of uncertainties affect the b-tagging
performances at high-pr, involving the reconstruction of the tracks, the modelling of
the b-hadrons and their interactions with the pixel detector. Among the uncertainties
related to the tracks, there are the track impact parameter resolution, the fraction of
fake tracks, the description of the detector material, and the track multiplicities per jet.
The effect of the parton shower simulation and the b-quark fragmentation function are
evaluated by changing the Monte Carlo generator to simulate the dilepton ¢ events used
in the calibration. At last, in the standard ATLAS MC simulation, interactions with the
detector are simulated only for the b- and c-hadron decay products and not for the b-
and c-hadron themselves. High momentum b-hadrons are very likely to decay after the
first layer of the pixel detector, interacting with the material before decaying. The hit left
by the b-hadron can be mistakenly associated to the track of one of the b-hadron decay
products bringing differences in the b-tagging efficiency. The size of the uncertainty
resulting from this effect was derived on a Z’ sample with a flat spectrum in pt up to
5 TeV to enhance the number of b-hadrons decaying after the innermost layer of the
pixel detector. Details on the derivation of the uncertainties accounting for this effect
are given in Chapter 5.

The SF measured in the highest pt bin is extrapolated for pr > 400 GeV. The uncer-
tainty is calculated as the sum in quadrature of all the effects described above added
in quadrature to the data-based uncertainty in the last bin (250-400 GeV). Figure 4.14
shows the SF obtained for an efficiency WP of 70% for the MV2C10 algorithm.
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Figure 4.14: b-tagging efficiency SF for the & = 70% WP of the MV2C10 algorithm including
the extrapolation uncertainty for pt > 400 GeV [137].



b-hadron interactions with
the pixel detector material

5.1 The ATLAS Simulation Infrastructure

In order to study a wide range of physics processes, a detailed simulation has been
developed to emulate how particles interact with the detector [15]. The simulation of a
process can be summarized into four main steps: the generation of the event and the
immediate decay of the particles involved, the simulation of the interactions of the stable
particles, as defined by the event generator, with the detector material, the digitization of
the energy deposited in the sensitive regions of the detector into electronic signals, and
the reconstruction of the physics objects which produced the signals inside the detector.

In the event generation, a Monte Carlo generator is employed to simulate all phases of
the pp scattering, as explained in Section 1.4.2: the hard scattering, the parton shower,
the hadronization and the underlying event. In the hadronization step, unstable particles
are produced which subsequently decay into stable particles that can interact with the
detector. Particles with ¢r > 10 mm, with 7 the decay time, are considered stable by the
event generator, therefore their decays and interactions with the detector are handled by
the simulation. On the other hand, particles with ¢r < 10 mm are decayed by the event
generator, and their possible interactions with the detector material, as well as their
curvature inside the magnetic field, are ignored. All stable particles produced by the
event generator are referred to as particle-level objects.

Particle-level objects are passed to the detector simulation which is based on the
GEANT4 software [16]. The complete detector geometry, including misalignments or
distortions, is built from databases containing all the information about the detector
performances and conditions of a real run of data-taking. The output of the simulation is
a list of “hits” representing the energy depositions, positions, and times of each simulated
particle.

After the simulation step by GEANT4, the ATLAS digitization software takes the hits
from the simulated events, such as hard scattering signal, minimum bias, beam halo,
beam gas, and cavern background events, and overlays them according to a given pile-up
rate. Then, it produces “digits” in case the voltage of a particular channel of the readout
system rises above a certain threshold and within a given time window. At this stage,
detector noise is also added to the event.

The last step of the ATLAS simulation is the reconstruction, which combines the in-
formation from the different sub-detectors to reconstruct the actual physics object that
produced the signals, as explained in Chapter 3.

79
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5.2 Interactions of b- and c-hadrons with the pixel detector

Particles like b- and c-hadrons have ¢t < 10 mm, therefore, their decays are handled by
the event generator. However, for high energy b-(c-) hadrons the decay time 7 transforms
according to the Lorentz transformations as r — ty, with y the Lorentz boost and, in the
same way, the decay length transforms as [ = Bycr.

For a b-hadron of pr = 800 GeV, the Lorentz boost is y ~ 150, and given the decay time
of T = 1.6 us, the decay length is / ~ 80 mm. This means that the b-hadron is very likely
to traverse the IBL and the BL before decaying, but its interactions with the material are
not simulated as its decay is handled by the event generator and not by the simulation.
The most probable decay of a b-hadron is into a c-hadron via the » — ¢W*~ transition.
With the same approach as before, assuming a c-hadron, e.g. D*, of pr = 800 GeV, and
given its decay time of 7 = 1.04 us, the D* decay length is / ~ 134 mm. This means that
when a b-hadron decays into a c-hadron, a D* in this example, this can potentially
traverse all layers of the pixel detector before decaying’.

Figure 5.1 shows the fraction of b-hadrons traversing the IBL or the BL of the pixel
detector as a function of the b-labelled jet pr. The b-hadron is assumed to traverse the
IBL (BL) if its transverse decay length, L,,, defined as the difference in the x—y plane
between the b-hadron’s decay and production vertices, is larger than the maximum
radius of the IBL (BL), as shown Figure 2.6 (a). This value has been chosen in order to
ensure that the b-hadron has actually passed the layer for all values of the azimuthal
angle ¢. It can be observed that, already at low b-jet pt, a non-negligible fraction of
b-hadrons traverses the IBL, or even the BL, before decaying.

A b-(c-)hadron traversing one or more layers of the pixel detector can interact with the
material before decaying. The interaction can be electromagnetic, in which the heavy
flavour looses some energy in the silicon, or it can be an elastic or inelastic hadron-
nucleus interaction, where in the latter new particles are produced and/or the internal
structure of the hadron or the nucleus is modified.

The current version of the GEANT4 software used in the ATLAS simulation does not take
into account the direct interaction of b- and c-hadrons with the detector material, but
only for their decay products. Therefore, a new and more accurate simulation, defined
as “quasi-stable” simulation in the following, has been developed in order to include
them. So far, only electromagnetic interactions have been implemented, as heavy flavour
hadronic interactions models are very complex and are still under investigations.
Furthermore, this new simulation allows the trajectory of both b- and c-hadrons to be
bent in the magnetic field. However, the angular deflection in the transverse plane has
been estimated to be ~ 107 rad, corresponding to 2 um on the IBL, which is much smaller
than the pixel size. Therefore little impact is expected from the magnetic field in the
following analysis.

Many studies have been performed to validate the quasi-stable simulation, in order to

IThe radius of the outermost pixel layer is 122.5 mm.
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Figure 5.1: Fraction of b-hadrons decaying after the first (blue dots) or the second (red dots)
layer of the pixel detector. Results are presented for a simulated dataset of Z’ — bb, c¢, Il and
for anti-kr AR = 0.4 particle flow jets with pr > 20 GeV and || < 2.5 [141].

make it available as the default ATLAS simulation starting from the Run 3 data-taking.
In particular, the studies presented in this chapter have been carried out to evaluate the
change on both the low-level and high-level b-tagging algorithms performance induced
by considering the b- and c-hadron interactions with the pixel detector.

In case of an electromagnetic interaction, the hit left by the b-(c-)hadron can be
mistakenly associated to the track of one of its decay products, resulting in mismeasured
track parameters, as shown in Figure 5.2 in the case of a b-hadron traversing the IBL and
decaying before the BL.

Distorted track
Real trend of the track

A‘

Figure 5.2: Schematic view of a b-hadron traversing the first layer of the pixel detector and
leaving a hit in the material before decaying (red star). The hit is mistakenly associated to
one of the decay products of the b-hadron resulting in a distortion of the track.

This effect can have a direct impact on the efficiency of tagging a b-jet or a c-jet. The
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most correct thing to do would be to derive an additional multiplicative correction to be
applied to the efficiency scale factors (see Equation 4.13):

data MC MC
g Ciref %j0s
Kj="Mc mMC _mC° (5.1)
& E. E.
jref “jalt  ~jST
where S%CT is the efficiency derived on a sample generated with no b- or c-hadron in-

teractions (ST stands for “standard”), while s%s is the efficiency derived on a sample
generated including these interactions (QS stands for “quasi-stable”). However, due to
the lack of time, it was decided to simply derive an additional uncertainty taking into
account the observed differences in the tagging efficiencies. More details will be given in
Section 5.2.3.

The following analysis is focused on studying the impact of the b- and c-hadron material
interactions on the b-tagging efficiency, therefore, not only the hits left by the b-hadron
can be mistakenly associated to a child track, but also those from the interaction of
the c-hadrons coming from the b-hadron decays. In this regard, studying the c-tagging
efficiency would also be very interesting as it offers a much clearer topology in which
only the hit left by the c-hadron can be mistakenly associated to the track of one of its
decay products. This study is already in plan for the next iteration of this analysis.

To have a sufficiently large number of b-hadrons decaying after the IBL, the following
studies have been performed using a Z’ — bb, c¢, 1l sample with an almost flat spectrum in
pr up to 5 TeV, as shown in blue in Figure 5.3. This sample will be referred to as “extended
Z’ sample” in the following.
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Figure 5.3: Comparison among the 7 sample (green line) with a pr spectrum up to 500 GeV,
and the Z’ (orange line) and extended Z’ (blue line) samples with pt spectrums up to 1.5 TeV
and 5 TeV.
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Eight million Z’ — bb,c¢,ll events were generated using PYTHIA8, which were then
passed to GEANT4, once with and once without the direct interaction of b- and c-hadrons
with the pixel detector. The former sample is referred to as “quasi-stable”, and the latter
as “standard”. These two samples were then passed to the ATLAS reconstruction in order
to build the final physics objects.

The following results are presented for anti-kr AR = 0.4 particle flow jets with pt > 20
GeVand || <2.5.

5.2.1 Impact on the b-tagging related variables

First, a validation of the quasi-stable sample with respect to the standard one is performed
by comparing the b-hadron kinematic properties such as the energy E, the transverse
momentum pr, the values of n and ¢, and the decay length in the transverse plane, L,,,
between the two simulations. These variables are defined at particle-level, therefore,
no differences are expected between the standard and the quasi-stable samples. As
demonstrated in Figure 5.4, the distributions of E, pt, 7 and ¢ for the standard and the
quasi-stable samples are compatible within the statistical uncertainties.

However, larger values of the transverse decay length are observed in the case of the
quasi-stable simulation. The L,, distributions for the charged and neutral b-hadrons are
shown in Figure 5.5 (a) and (b), respectively. Whereas the differences between the two
samples agree within the uncertainties in the case of charged b-hadrons, a ~ 8% increase
in the quasi-stable sample is observed for large lifetimes of neutral b-hadrons.

An event by event comparison between the two samples, restricted only to neutral
b-hadrons, demonstrated that the larger values of L,, in the quasi-stable simulation
came from events with a B — BY (B — B®) oscillation. This issue has not been fully
understood yet and is currently under investigation, however, it is not expected to affect
the estimation of the additional extrapolation uncertainty on the b-tagging efficiency
at high-pr as only neutral b-hadrons are affected. A more detailed explanation can be
found in Appendix A.2.

Figure 5.6 shows the effect of considering the b-hadron interactions with the pixel
detector on the track reconstruction efficiency as a function of the b-hadron transverse
decay length. For both the standard and the quasi-stable simulation, the further away
the b-hadron decays from the primary vertex, the fewer number of clusters available for
the track reconstruction, causing a drop in the associated efficiency at each pixel layer.
Furthermore, the closer the b-hadron decays to a pixel layer, the smaller the spatial
separation of the hits left by its decay products, resulting in a reduced cluster assignment
efficiency as shown in Figure 3.2. In addition, in the case of the quasi-stable simulation
charged b-hadrons typically leave a hit in each layer they traverse before decaying. This
hit can be mistakenly associated to the track of a child and its subsequent distortion
might give a bad y? of the track fit, resulting in a possible rejection of the track.

The effect of having an additional hit in the quasi-stable sample is evident in Figure 5.7.
The average number of IBL hits per track associated to the b-hadron decay products,



84 5 b-hadron interactions with the pixel detector material
3 oy T T T T T | = 0.8F T T T T T =
© E Simulation B © E Simulation 3

o0sE ! —e— Standard ~_J 0.7 —e— Standard 3
OE" Z'sample up to 5 TeV K Bl E Z sample upto5TeV K E
ouE Ietp >20Gev, | <25 —* Quasi-stable 3 06 jetp, >20GeV, n| <25 —* Quasi-stable
E E 0sE- =
03 = 0.4~ 3
02" 3 03— 3
Fo——, E 02 ——_, =
0.1— —_—— — E —_—— =
C —e 1 0.1— —o— =
= —_—— — E —_—— |
C I I — 07 I I ey S — L s |
€ ol E € "ol
1.005 N N | l § 1.005 . . I l |
0.995E- M L = 0.995E- T [ E
0.99E- E 0.99E- E
O9%E 2100 OF8E x10°
0-98) 566 1000 1500 2000 2500 3000 3500 4000 4500 5000 0-98y 566 1000 1500 2000 2500 3000 3500 4000 4500 5000
b-hadron E [MeV] b-hadron p_[MeV]
@ (b)
El T T T T T e El E T T T T T =
© Simulation —e Standard = © 04 simulation —e Standard 3
Z' sample up to 5 TeV . = 0.35F- Z'sample up to 5 TeV . =
jet P, > 20GeV, || <25 —e— Quasi-stable 3 o03E Jet P, > 20GeV, || <25 —— Quasrstableé
E 0255 3
3 02E- 3
—— E 0155 =
3 0.1~ =
- — = E 3
- 0.055- =
—or— —or— 3 o0& - e 3
€ E € "ol E
,,,,,,, U 3 LoosE D b
i - 0.995E- ' T -
E 0.99 E
E 0.985 E
% 3 =2 -1 0 1 2 3 4 5 0.98; 4 3 =2 -1 0 2 3 4 5
b-hadronn b-hadron ¢
© @
El [ T T T T T 3
< | I . ]
1I— Simulation —e— Standard ]
[ Z'sampleupto5 TeV X ]
08 jetp >20GeV, |n| <25 *— Quasi-stable|
0.6 =
0.4:—0— {
02— _, =
C — e — o ]
. . | | i ;i
o 105 .
g L04E
T 1.03F
1.02E-
1.01E-
e
0.99E- E
0.8 ) . , , . , , , .
0 20 40 60 80 100 120 140 160 180 200
b-hadron L, [mm]
(e

Figure 5.4: Truth value of the b-hadrons’ energy E (a), pt (b), 7 (¢), ¢ (d) and transverse decay
length L., (e). All distributions are normalised to one, therefore, they are shown in arbitrary
units a.u. The bottom panel shows the ratio between the quasi-stable and the standard
distributions. As expected, no differences are observed in the E, pr, n and ¢ distributions.
However, larger values of the b-hadrons transverse decay length are observed in the case of
the quasi-stable simulation.
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each bin. It can be observed that the further the b-hadron decays, the worst is the efficiency
in reconstructing the tracks from its decay products.
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snlBLMis> 'is shown as a function of the transverse decay length of the b-hadron L, for

the standard and the quasi-stable samples. Figure 5.7 (a) shows the distribution when
considering all b-hadrons, while Figures 5.7 (b) and (c) show only charged or neutral
b-hadrons, respectively. The position in the x —y plane of the different layers of the pixel
detector is indicated. Some observations can be made:

« the average number of IBL hits per track for the standard simulation is not zero
when the b-hadron decays between two pixel layers (as one would expect); in such
a dense and boosted topology, a hit left by a fragmentation track? can be wrongly
assigned to a b-hadron decay product. This is related to the drop in the cluster
assignment efficiency at the IBL shown in Figure 3.2;

« values larger than 1 are due to the fact that the IBL modules are partly overlapping
(see Figure 2.6 for the layout of the IBL), therefore, a track can cross two IBL
modules;

o for L,, < 33.25 mm, the b-hadron decays before the IBL but an increase in the
average number of hits in the IBL is observed for the quasi-stable sample for both
charged and neutral b-hadrons. This is because a b-hadron can decay to a charged
c-hadron before the IBL, that can interact with the IBL material leaving a hit before
decaying. The size of this contribution is larger in the case of neutral b-hadrons
than for charged b-hadrons. This is due to the fact that a charged b-hadron is more
likely to decay to a neutral c-hadron, while a neutral b-hadron is more likely to
decay to a charged c-hadron. Also, it has to be noticed that Figure 5.7 (b) for charged
b-hadrons has a very different scale than Figure 5.7 (c) for neutral b-hadrons;

» for L,, > 33.25 mm the increase in the number of hits in the IBL is present only for
charged b-hadrons, as expected;

o for 33.25 < L, < 88.50 mm, the b-hadron traverses the IBL (and possibly the second
and third layers of the pixel detector) leaving a hit before decaying. The hit can be
mistakenly associated to the track of one of the b-hadron decay products enhancing
the distribution for the quasi-stable simulation (see Figure 5.2). It can be observed
that the resulting mis-association rate is very large given that there are on average
several b-hadron decay tracks which can pick-up this hit;

« for L,, > 88.50 mm, the mis-association of a IBL hit to the track of a decay product
from a b-hadron that decays far from the IBL is more reduced.

Similar conclusions can be drawn when looking at the average number of hits in the
B-layer and the pixel hits per track associated to the b-hadrons decay products as a
function of the b-hadron L,,, shown in Figure 5.8 and 5.9, respectively.

2 A fragmentation track is a track originating from the hadronization of the b-quark whose measured IP is
compatible with the primary vertex.
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Figure 5.7: Average number of hits per track matched to the b-hadrons decay products
in the IBL as a function of the transverse decay length of the b-hadron for the standard
(blue) and quasi-stable (red) simulation. Figure (a) shows the distribution when considering
all b-hadrons, while in (b) and (c) only the charged and neutral b-hadrons are considered,
respectively. The bottom panel of all figures shows the ratio between the quasi-stable and
the standard distributions. It can be observed that the additional hit left in the IBL is present
only for charged b-hadrons decaying after the IBL, as expected [141].
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Figures 5.10 (a) and (b) show the number of hits in the IBL associated to the tracks of
the b-hadron decay products for charged or neutral b-hadrons, respectively, decaying
before the IBL. In case a charged (neutral) b-hadron decays before the IBL, its decay
products can leave a hit in the IBL in both the standard and the quasi-stable sample.
The case of zero hits in the IBL can be explained by the drop in the cluster assignment
efficiency shown in Figure 3.2, due to the very small distance between the particles
traversing the IBL. The case of two hits can be due to a b-hadron passing through the
overlap region of two pixel modules or to merged clusters split into two hits from the
artificial neural network® (see Section 3.1). Differences between the standard and the
quasi-stable simulations can be observed, especially in the bin corresponding to zero hits.
This can be due to b-hadrons decaying into charged c-hadrons before the IBL, that can
interact with the IBL material leaving a hit before decaying. This results in a migration
from the first to the second bin of the distribution which is more pronounced in the case
of neutral b-hadrons as they are more likely to decay to charged c-hadrons.

When a charged b-hadron decays after the IBL, as in Figure 5.10 (b), the corresponding

interaction with the pixel detector is not simulated in the standard sample, therefore a
large fraction of events enter the first bin of the distribution where no hits are expected in
the IBL. However, a residual ~ 10% of the events enter the second bin of the distribution
as the hit left by a fragmentation track gets associated to one of the b-hadron decay
products. The bin corresponding to two hits in the IBL associated to the same track
corresponds to the case where the NN identifies a cluster as merged and splits it in
two hits, but also to b-hadrons passing through the overlap region between two pixel
modules.
In the case of the quasi-stable sample, when a charged b-hadron traverses the IBL, it
leaves a hit in the pixel sensors that can be mistakenly associated to the track of one
of its decay products. This is represented by the migration of events from the first
to the second bin of the distribution. The second bin, as in the case of the standard
simulation, is populated also by the hits originating from fragmentation tracks that are
incorrectly assigned to the b-hadron decay products. The bin containing two hits in the
IBL corresponds to the case where the b-hadron passes through the modules overlap
region or to split clusters produced by the b-hadron and a fragmentation track.

Finally, if a neutral b-hadron decays after the IBL it does not leave a hit in this layer,
neither for the standard nor for the quasi-stable simulation. Therefore, the majority of
the events enter the first bin of the distribution. The second bin has the same origin as
in the case of charged b-hadrons. The case of two hits can be due to split clusters.

Figure 5.11 shows the number of hits in all pixel layers associated to the tracks of the
b-hadron decay products, when a charged or a neutral b-hadron decays before or after
the IBL. The distributions for charged and neutral b-hadrons decaying before the IBL are
very similar, with a maximum of four reconstructed pixel hits. On the other hand, the

35For a highly boosted b-hadron, several daughter particles are likely to contribute to the same cluster,
however, the NN is able to identify a cluster as merged only if less than three tracks contribute to it,
otherwise, it gets categorised as shared.
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Figure 5.10: Number of hits in the IBL associated to the tracks of the decay products of
charged (a) and neutral (b) b-hadrons decaying before (left) or after (right) the IBL [141].
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distributions for charged and neutral b-hadrons decaying after the IBL are very different.
In the case of neutral b-hadrons no significant differences are observed between the
standard and the quasi-stable simulations. Whereas, if a charged b-hadron traverses a
pixel layer, it can leave a hit that can be mistakenly associated to the track of a decay
product, thereby increasing the number of pixel hits associated to it. Multiple hits are
also possible if the b-hadron traverses a layer in the overlap region between two pixel
modules, or if a merged cluster gets split into two by the NN during the ambiguity solver
stage. A smaller number of associated hits might be related to the inefficiencies in the
cluster assignment in very boosted topologies.
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Figure 5.11: Number of hits in the pixel detector associated to the tracks of the decay
products of charged (left) and neutral (right) b-hadrons decaying before (a) or after (b) the
IBL [141].

5.2.2 Impact on the b-tagging efficiency

The change in the b-tagging efficiency due to the inclusion of b- and c-hadron interactions
with the pixel detector has been studied for both the low-level b-tagging algorithms and
high-level discriminants for the 70%, 77%, 85% official efficiency working points. In the
case of the high-level taggers, such as MV2c10, DL1 and DL1r, the official WPs are derived
on the combined 7 and Z’ sample up to 1.5 TeV described in Section 4.3.1. Therefore,
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the corresponding cuts applied to the high-level taggers distributions obtained using the
extended Z’ sample up to 5 TeV will typically give a lower efficiency. This is shown in
Figure 5.12 for the DL1r tagger and for the 70% WP, as an example.
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Figure 5.12: DL1r distribution derived on the extended Z’ sample. The cut corresponding
to the 70% efficiency WP derived on the extended Z’ sample is shown. In addition, the cut
corresponding to the 70% efficiency WP derived on the hybrid 77 and Z’ sample (official) is
also shown. It can be observed that the official cut gives a lower efficiency with respect to
the one derived on the extended Z’ sample.

In the case of the low-level taggers, such as IP3D, SV1 and JETFITTER, the chosen cut is
the one that gives the same b-jet efficiency as DL1r on the extended Z’ sample.

For all taggers, the performance of the 70% efficiency WP is reported in this section. The
results for the remaining WPs and only for the high-level discriminants can be found in
the Appendix A.2.

The [-jet efficiency is not affected by the difference between the standard and the
quasi-stable simulation, and thus the b-jet efficiency is the only figure of merit. It has
been checked that the [-jet efficiency is in fact the same between the two simulations
and this is shown in Figure 5.13 for the DL1r tagger at the 70% WP as a function of the
b-labelled jet pr and for all b-hadrons. The compatibility between the two distributions
has been quantified by a y? test whose result is y?/ng. o f =48.04/49=0.98.

In the following, the b-tagging efficiency measured by the tagger is drawn as a function
of the jet pr and the b-hadron L,,, and separately for charged and neutral b-hadrons.
The efficiency as a function of the b-hadron L,, is the most interesting distribution based
on physics. The distribution of the b-tagging efficiency as a function of the jet pr is
interesting to give an idea of how the efficiency varies as a function of the b-hadron L,,
in a given pr bin, but it is also a relevant quantity for many analyses.

A large number of bins is used in order to reduce the effect of the higher values of L,,
observed for the neutral b-hadrons shown in Figure 5.5 and still under investigation.
It has to be noted that when comparing the jet pr distribution with the b-hadron L,, one,
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Figure 5.13: [-jet efficiency measured at the 70% WP of the DL1r tagger, as a function of
the jet pr and for all b-hadrons. No significant differences are observed between the two
simulations.

one has to remember that the pt spectrum of the extended Z’ sample is not flat over the
full range (see Figure 5.3).

Performance of low-level b-tagging algorithms

Impact Parameter based Algorithm IP3D Figures 5.14 (a) and (b) show the b-tagging
efficiency of the IP3D algorithm as a function of the jet pr, separately for charged and
neutral b-hadrons. Larger values of the b-tagging efficiency can be observed in the
quasi-stable sample mainly for charged b-hadrons.

Figures 5.14 (c) and (d) show the b-tagging efficiency measured by the IP3D algorithm

as a function of L,,, separately for charged and neutral b-hadrons. The standard sample
exhibits a drop in the efficiency in correspondence with the average radius of each pixel
layer, as was shown in Figure 5.6. In fact, for each additional layer traversed by a b-hadron,
the number of available clusters for track reconstruction is reduced by one. This yields a
smaller number of reconstructed tracks.
In the case of the quasi-stable simulation this drop in the efficiency is not observed due to
the different hit pattern of the tracks entering the IP3D algorithm. This causes an increase
in the number of tracks used by the IP3D tagger in the case of the quasi-stable simulation
with respect to the standard one, which is purely artificial. Figure 5.15 demonstrates this
effect by showing the average number of tracks used by the IP3D algorithm as a function
of the b-hadron L,, for charged and neutral b-hadrons, respectively.

This behaviour confirms what has been observed in Figures 5.7, 5.8, and 5.9, that
the hit left by the b-hadron when traversing the layers is, in the majority of the cases,
mis-associated to a child track. As a consequence, also the performance of the track
reconstruction is altered and, in the case of the quasi-stable simulation, the reconstructed
track can be assigned to a different track category (see Section 4.2.1) with respect to the
standard simulation. Figure 5.16 (a) shows the 13 categories in which the reconstructed
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tracks from the b-hadrons decaying after the IBL, and used by the IP3D tagger, are divided.
It is interesting to notice that, in the case of the quasi-stable simulation, some of the
tracks migrate to the 13t category that has the highest discrimination power between
b-jets and [-jets, thus increasing the efficiency of the tagger.

1.4 T T T T

5
< C . .
£ Simulation —— Standard

a.u

T T T T T T T T T
ATLAS Simulation Preliminary —— Standard
Z'sample upto 5 TeV

C o jet p, > 20GeV, |n|<25
tracks from b-hadron decays

1.2

E . —— Quasistable 10

T
I
23
o
v
N
S
@
)
<
=
A
N
o

— Quasi-stable

o
©

b-hadrons L,, > 38.4 mm

o
o
N
o
L

H
S
b

o o

NN
I \H‘\H‘\H‘\H‘\H \‘
4 -

Nt

ratio
ratio

N W B U100~ 00 €O
R

o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 —;0 -40 -30 -20 -10 0 10 20 30 40 50
track category track signed du/‘jd(

(a) Track categories (b) Track d significance
Figure 5.16: Figure (a) shows the reconstructed tracks categorisation for b-hadrons decaying

after the IBL and Figure (b) shows the transverse impact parameter significance of the tracks
from b-hadrons decaying after the IBL.

Figure 5.16 (b) shows the transverse impact parameter significance for the recon-
structed tracks belonging to b-hadrons decaying after the IBL and used by IP3D. It can
be observed that in the quasi-stable simulation, the hit left by the b-hadron interaction
and mis-associated to a child track biases the IP significance towards smaller values.

Regarding the neutral b-hadron, a slightly higher efficiency can be observed in the
quasi-stable sample for b-hadrons decaying before the IBL. This can be attributed to the
decay of b-hadrons to charged c-hadrons which, in turn, traverse the pixel layers leaving
a hit before decaying.

The I-jet rejection of the IP3D tagger as a function of the b-jet efficiency is shown in
Figure 5.17 for charged and neutral b-hadrons, and for the standard and quasi-stable
simulations. As the /-jet mis-tag rate is identical between the standard and the quasi-
stable simulation, what changes is only the b-tagging efficiency.

Secondary vertex finding algorithm SV1 Figures 5.18 (a) and (b) show the b-tagging
efficiency at the 70% WP of the SV1 algorithm as a function of the jet pr, separately for
charged and neutral b-hadrons. A slightly higher efficiency is observed for the quasi-
stable sample in the case of charged b-hadrons.

Figure 5.18 (c) and (d) show the b-tagging efficiency at the 70% WP as a function of L,,,
separately for charged and neutral b-hadrons.

In the case of neutral b-hadrons, a slightly higher efficiency is observed for the quasi-
stable simulation with respect to the standard one. This is due to b-hadrons decaying to
c-hadrons which traverse the pixel layers before decaying.

To better understand the behaviour in the case of charged b-hadrons as a function
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of the b-hadron L,,, one can compare the b-tagging efficiency at the 70% WP of the
SV1 tagger in Figure 5.18 (c) to the single secondary vertex reconstruction efficiency in

Figure 5.19.

o S L A A IR
S F ATLAS Simulation Preliminary ~—— Standar ]
& 14 Z'sample upto 5 TeV stable
- —— Quasi-stable
p 12[ jetp_>20GeV, |n|<25 Q =
(8] — ]
] 4 charged b-hadrons =
x : .
= IBL BL Pix1 Pix2 =
R S s i il i i —
g e : ]
L 0.6/~ 1 ey, | =
> - : ; = ; .
0] = ‘ : : 3
n 04— ' e e
- : : Feegee, 3
02—, TR R [ HRRR R e
o Ll4p . . .
8 13 —=
o E g bt 4 E
1.2F pheb 3
11 ., ' pi LE
1? 777777777777777777777777777 - ,,”,g,.,*,’ 77777777777777777777777777777 é
0.9E =

0 20 40 60 80 100 120 140

160 180 200
b-hadron Ly [mm]

Figure 5.19: Single secondary vertex reconstruction efficiency as a function of the b-hadron
L,, for charged b-hadrons only [141].

It can be observed that the efficiency of the SV1 tagger is much smaller than the
efficiency of reconstructing a single secondary vertex. This is expected because additional
selection cuts on the kinematic variables entering the likelihood ratio method, on which
SV1 is based, can only decrease the correspondent efficiency.

Furthermore, a very similar pattern as a function of L,, can be observed in terms of
the ratio between the quasi-stable and the standard distributions, however, larger effects
are found for the SV1 algorithm. This can be due to differences between the standard
and the quasi-stable simulations in the SV1 input quantities which can affect the SV1
output. The distribution of the SV1 input variables for the standard and the quasi-stable
simulation are shown in Figure 5.20. In particular, these are:

the total invariant mass of all particles in the reconstructed secondary vertex;

the ratio of sum of energies of tracks in the SV to the energy of all tracks in the jet,
defined as energy fraction;

e the number of two-track vertices;

the AR between the SV-PV direction and the jet direction.

The presence of an additional hit from the b-hadron can modify the hit pattern of a
track which can thus satisfy the SV1 track selection criteria in the case of the quasi-stable
simulation but not in the standard one. This results in an increase in the number of
reconstructed two-tracks vertices entering the SV1 algorithm, as well as an increase



98 5 b-hadron interactions with the pixel detector material

2 3400F~ T i T — A [ T , ——
£ 32007 Simulation —— Standard | ® osf- Simulation — Standard ~ —|
» 3000E- Z' sample upto 5 TeV . = 3 F Z'sampleupto5TeV — Quasi-stable
§ 2800 fetp, >20GeV, Inl<25 T Quasistable 5 & 7L jetp,>20GeV, Inl<25 uasi E
2600 charged b-hadrons = = charged b-hadrons E
2400 IBL , BL Pix1 Pix2 E 06 JIBL , BL . Pix1 Pix2 =
2200 b | | - v ! ! 3
2000 } | | = 0.5 ! ! ! 3
1800 i | | = Co ‘ | E
1600E b ; : E 0.4 b =
1400 — L ! i = ! !
g M I ‘ 2 194
8 3 g 81
3 Y
098 54060 80 100 720 140 160 180 200 0 20 40 60 80 100 120 140 160 180 200
b-hadron L, [mm] b-hadron L, [mm]
@ (b)
A = T T T T | A T T T T
[ E : : E| " .
2 E_ Simulation — Standard 2 £ Simulation — Standard
2 E Z'sampleupto5 TeV . 3 ] Z'sample up to 5 TeV )
g E jetp,>20GeV,Inl<25 — Q“as"s‘ab'eé = jotp,>20GeV, Inl<25 — Quasi-stable
E charged b-hadrons E < charged b-hadrons
7E IBL | BL " Pix1 | Pix2 3
6 L | | =
E | i E
5 | | =
4 ! ! 3
. E
3 i 3
S 114 " 2
8 112 ]
11
1.08
1.06
1.04
1.02
008 ! ; , . ; , ; , . i
%0 20 40 60 80 100 120 140 160 180 200 160 180 200
b-hadron Ly [mm] b-hadron L, [mm]
© @

Figure 5.20: Distributions of variables entering the SV1 algorithm for the standard (blue)
and the quasi-stable (red) simulations and for charged b-hadrons. The total invariant mass
of all particles in the reconstructed secondary vertex is shown in (a), the ratio of sum of
energies of tracks in the SV to the energy of all tracks in the jet in (b), the number of two-track
vertices in (c), and the AR between the SV-PV direction and the jet direction in (d).



5.2 Interactions of b- and c-hadrons with the pixel detector 99

in their total invariant mass. In the case of the energy fraction, a decrease between
the BL and Pix2 is observed in the case of the quasi-stable simulation with respect to
the standard one. The only way this can happen is that not only the number of tracks
associated to the SV increases, but also the number of reconstructed tracks in the jet. This
is due to different track selection criteria between the nominator and the denominator.
No significant differences are observed in the AR between the SV-PV direction and the
jet direction for the two simulations.

Lastly, it can be observed that close to a pixel layer the efficiency in the case of the
quasi-stable sample is higher than in the standard one. This is related to a cleaning
cut applied in the SSVF algorithm which requires that “no secondary track should have
associated detector hits with radii smaller than the radius of the SV found by the algorithm”.
This means that in the quasi-stable simulation, if a b-hadron traverses a pixel layer and
the hit from its interaction gets associated to a child track, the reconstructed vertex
with the track having the wrong hit does not satisfy the cleaning cut and is removed.
However, close to the pixel layer, this condition might not be satisfied. The following are
two possible explanations of this effect:

» a b-hadron decays to a c-hadron immediately before the pixel layer, and the c-
hadron traverses the layer and decays immediately after. The hit left by the c-
hadron is then mis-associated to a child track from the b-hadron, but the position
of the decay vertex is located before the c-hadron hit. In this case, the cleaning cut
of the SSVF algorithm is satisfied, and the vertex is not removed;

« if a b-hadron decays after a pixel layer, but very close to it, the reconstructed vertex
from its decay might not be removed due to resolution effects in its reconstructed
position.

Multi-vertex finding algorithm JETFITTER Figures 5.21 (a) and (b) show the b-tagging
efficiency at the 70% WP of the JETFITTER algorithm as a function of the jet pr, separately
for charged and neutral b-hadrons. Figures 5.21 (c) and (d) show the b-tagging efficiency
at the 70% WP as a function of the b-hadron L,,. Similar conclusions to the SV1 tagger
can be drawn.

Performance of high-level b-tagging discriminants

The high-level taggers combine the inputs from the low-level taggers using a multivariate
classifier in order to maximize the b-tagging performance. Three taggers are currently
available, the MV2 using a Boosted Decision Tree, and DL1 and DLI1r based on deep
learning neural networks.

MV2 discriminant Figure 5.22 shows the b-tagging efficiency at the 70% WP of the
MV2c10 discriminant as a function of the jet pr and the b-hadron L,,, separately for
charged and neutral b-hadrons.

For charged b-hadrons, a drop in the efficiency for the quasi-stable simulation can
be observed. This might be due to the fact that, contrary to the low-level taggers, high-
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level discriminants like MV2c10, DL1 and DLI1r, are supervised training algorithms
optimised on the standard simulation which does not have the additional hits from the
b-hadrons. Therefore, they are expected to perform worse on the quasi-stable sample
due to the different hit pattern with which the tracks are reconstructed. A test was
performed by evaluating the efficiency of the IPRNN tagger, trained as well on the
standard sample, which is based on a neural network with the track transverse and
longitudinal IP significances and the track category as input variables, in order to validate
this hypothesis. This efficiency is derived for all b-hadrons as a function of the jet pr
and the b-hadron L,,, and it is shown in Figure 5.23. Even for the IPRNN tagger a drop in
the measured b-tagging efficiency for the quasi-stable sample can be observed in both
the jet pr and the b-hadron L,, distributions.
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Figure 5.23: b-tagging efficiency measured at the 70% WP of the IPRNN tagger, as a function
of the jet pr (a) and the b-hadron L., (b) for all b-hadrons.

Without having retrained the MV2c10 discriminant on the quasi-stable sample, as well
as DL1 and DL1r, one can only observe that a tagger optimised on a sample with given
conditions (no hit from b-hadron interactions), performs worse when the conditions are
changed (additional hit from b-hadron interactions).

No other observation can be made on the behaviour of the high-level taggers without
retraining them on the quasi-stable sample, as it would be pure speculation.

DL1 discriminant Figure 5.24 shows the b-tagging efficiency at the 70% WP of DL1
discriminant as a function of the jet pr and the b-hadron L,,, separately for charged and
neutral b-hadrons. Same conclusions as for the MV2c10 discriminant can be drawn.

DL1r discriminant Figure 5.25 shows the b-tagging efficiency at the 70% WP measured
by the DL1r discriminant as a function of the jet pr and the b-hadron L,,, separately for
charged and neutral b-hadrons. Here the drop in the efficiency caused by the additional
hits from the b-hadron interactions is larger than in the MV2c10 and DL1 taggers.

The studies presented in this section triggered an on-going effort within both the
Flavour Tagging Working Group [142] and the Simulation Working Group [143], with
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Figure 5.24: b-tagging efficiency measured at the 70% WP of the DL1 tagger, as a function
of the jet pr for charged (a) and neutral (b) b-hadrons, and the b-hadron L,, for charged (c)

and neutral (d) b-hadrons.
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Figure 5.25: b-tagging efficiency measured at the 70% WP of the DL1r tagger, as a function
of the jet pr for charged (a) and neutral (b) b-hadrons, and the b-hadron L,, for charged (c)
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the goal of making the quasi-stable simulation the new default simulation used by the
ATLAS Collaboration by the start of Run 3.

5.2.3 Extrapolation uncertainty on the b-tagging efficiency

The studies presented in the previous sections led to the derivation of extrapolation
uncertainties accounting for the impact of the b-hadron interactions on the b-tagging
efficiency as a function of the b-labelled jet pr. These were derived using the DL1r
tagger, as this is the one currently recommended by the Flavour Tagging Working Group.
Figure 5.26 shows the b-tagging efficiency measured at all official WPs of the DL1r
discriminant, as a function of the jet pt and for all b-hadrons.
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Figure 5.26: b-tagging efficiency measured at the 60% (a), 70% (b), 77% (c), and 85% (d)
WP of the DL1r tagger, as a function of the b-labelled jet pr.

A single extrapolation uncertainty for each jet pp bin was derived from the ratio
between the quasi-stable and the standard distributions, as shown in the bottom panel,
of which the final values are also reported in Table 5.1 for all working points. The
uncertainties in the first three bins of the distributions are very small and are not reported
in the Table.
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Table 5.1: Extrapolation uncertainties accounting for the effect of the b-hadron interactions
on the b-tagging efficiency at all official WPs of the DL1r discriminant.

Working point
60% 70% 77% 85%
250.0<pr <400.0 1.14% | 0.51% | 0.48% | 0.24%
400.0<p7 <500.0 | 2.69% | 1.73% | 1.03% | 0.58%
500.0<pr <600.0 5.13% | 4.28% | 3.14% | 2.01%
600.0<pr <700.0 5.80% | 5.17% | 4.03% | 2.79%
700.0<p1 <800.0 | 8.35% | 6.72% | 5.25% | 3.45%
800.0<pr <900.0 | 10.67% | 9.16% | 7.46% | 4.78%
900.0<pr <1000.0 | 12.23% | 11.04% | 9.13% | 6.33%
1000.0<pt <1100.0 | 14.55% | 11.93% | 10.35% | 6.88%
1100.0<pt <1250.0 | 16.11% | 13.48% | 11.79% | 8.10%
1250.0<p1 <1400.0 | 17.77% | 15.48% | 13.90% | 9.76%
1400.0<pt <1550.0 | 18.66% | 17.25% | 16.23% | 11.31%
1550.0<py <1750.0 | 19.44% | 18.36% | 17.34% | 12.41%
1750.0<p1 <2000.0 | 18.79% | 18.91% | 18.79% | 13.41%
2000.0<pr <2250.0 | 18.02% | 18.47% | 20.23% | 14.73%
2250.0<pr <2500.0 | 16.26% | 18.14% | 21.24% | 15.51%
2500.0<p7 <2750.0 | 14.06% | 17.58% | 21.25% | 16.17%
2750.0<p7 <3000.0 | 8.20% | 13.15% | 20.92% | 16.17%

Range [GeV]
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5.3 Trackless b-tagging for very energetic jets

For very energetic b-hadrons, the decay time and the angle between the decay products
transform according to the Lorentz transformations, as r — ry and @ — «a/y, resulting
in a highly displaced and boosted topology. In such a dense environment, the tracking
performance suffers from three main sources of inefficiency. Figure 5.6 shows that the
average number of reconstructed tracks from the b-hadron decay products decreases as
a function of the b-hadron transverse decay length. In addition, a very small separation
between the b-hadron decay products results in a high hit density and a more ambiguous
association of hits with tracks, as seen in Figure 3.2. Another source of inefficiency in
the track reconstruction is the increase of fragmentation tracks as a function of the pt of
the b-jet, as shown in Figure 5.27. These are tracks originating from the hadronization
of the b-quark whose measured IP is compatible with the primary vertex. In contrast,
the ability of reconstructing tracks from the b-hadron decay decreases at high-pr.
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Figure 5.27: Average number of tracks from fragmentation and b-hadron decays selected
for the IP algorithm as a function of the jet pr. The shaded bands represent the RMS of the
distribution for each bin [127].

In this regard, it is interesting to see how the clusters originating from b-hadron decays
and those from the fragmentation contained in a b-jet evolve as a function of the b-jet
pr. Figure 5.28 shows the average number of clusters from b-hadron decays, and the
sum of fragmentation and b-hadron decay clusters in the IBL contained within a cone of
AR =0.04 as a function of the jet pr. Tracks from fragmentation are identified as all tracks
not associated to the b-hadron decays, as the probability to have a hit originating from
pile-up is negligible, due to the very small cone size. This approach was demonstrated to
be pile-up insensitive up to the expected HL-LHC pile-up values [144]. It can be observed
that up to 150 GeV, the clusters are mainly coming from the b-hadron decay products.
This is because in the low pr region, the track multiplicity is higher in the case of b-
hadrons than fragmentation. After 150 GeV, the abundance of b-hadron decay clusters
slowly decreases due to the high boost of the system which can result in two particles
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crossing the same silicon sensor, and due to the fraction of b-hadrons decaying after the
IBL. The fragmentation component, instead, increases at higher jet pr, as expected from
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Figure 5.28: The average number of clusters in the IBL originating from b-hadrons decays
and the sum between fragmentation and b-hadrons decay clusters, both contained in a cone
of radius 0.04, is shown as a function of the jet pr.

Since the b-tagging algorithms are mainly based on tracking information, the b-tagging
performance is expected to significantly decrease for highly displaced and boosted topolo-
gies. A novel approach was proposed, based on the number of pixel hits left in subsequent
layers of the tracker [144]. This approach, referred to as trackless b-tagging, is expected
to complement the track-based algorithms for very high-pr b-jets. Exploiting the high
resolution and granularity of the pixel detector, one can define a pixel cone of radius
AR(hit,jet axis) around the jet axis, small enough to contain the highly collimated prod-
ucts from the b-hadron decay. Different values of the pixel cone radius have been studied,
from 0.04 to 0.01, being an order of magnitude smaller than the radius parameter used
in the calorimeter to define the cone size of a jet. Figure 5.29 shows the main concept of
the algorithm: a jet containing a b-hadron that decays between two pixel layers can be
identified by detecting a “jump” in the number of pixel hits contained in the pixel cone
at increasing radii.

The relative multiplicity jump f; at layer j can be defined as:

Niz1—N;  AN;
=0 -7 (5.2)
Ni Ni
meaning that for f; = 1 there are twice as many hits in layer j+1 than in layer j. This
discriminant works best when the b-hadron decays between two layers of the pixel
detector and into many charged daughter particles, so that f; is high.

Starting from this definition, a more complex discriminant can be built by taking f;
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Figure 5.29: A b-hadron decaying between two layers of the pixel detector can be identified
by detecting a jump in the number of hits on subsequent pixel layers, contained in a defined

pixel cone [144].

giving the maximum jump among all pairs of layers j and j+1. This will be referred to
as “max_trackless” discriminant in the following and an example of its distribution for
b-jets and [-jets is shown in Figure 5.30. The “jumps” are clearly visible at each integer
value of the discriminant for the b-jets, corresponding to the case in which N; = 1, while

they are less prominent in the case of /-jets.
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Figure 5.30: Distribution of the max_trackless discriminant for b-jets (a) and /-jets (b). In
the cases in which N; = 0, the value of the discriminant is set to -2. (Courtesy of Prof. Todd
Huffman, Lady Margaret Hall - University of Oxford).

A more sophisticated version of the trackless b-tagging algorithm can be built by using
not only the information on the hit multiplicity, but also the information from different
concentric cones around the jet direction to exploit the differences in jet structure
between b-jets and [/-jets. The possible advantages of using this additional information
were studied in MC simulation in the context of the identification of the heavy flavour
jets at the hadron Future Circular Collider (FCC-hh) [145]. A multivariate analysis is
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performed, based on a BDT classifier and using the TMVA [133] package. Two different
input variables are passed to the BDT; the cluster multiplicity in each layer in a single
cone for different cone sizes and the cluster multiplicity in each layer contained within a
default AR of 0.006.

In Figure 5.31 (a) the BDT performance using different cone sizes are compared to
the default (R=0.006), with the AR cone of half the default value having the highest
discrimination power. Furthermore, if the information on the cluster multiplicity in all
of the four AR cone sizes is included in the BDT, the rejection increases by up to 50%.

In Figure 5.31 (b) the [/-jets rejection is shown as a function of the b-tagging efficiency
in the case the input corresponds to the cluster multiplicity information in different
numbers of detector layers. The best discrimination power is achieved when providing
the BDT with the information from all layers.

An investigation on this approach is currently on-going within the ATLAS experiment.
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Figure 5.31: [-jets misidentification rate as a function of the b-tagging efficiency. In Figure
(a), the BDT rejection power is evaluated using the cluster multiplicity information in a
single cone for different cone sizes (in black and in grey) or combining the information in
all of the four different cones (in red). In the bottom panel, the ratio is calculated with
respect to the performance using a single AR cone with default size of 0.006. In Figure (b),
the BDT rejection power is evaluated using the cluster multiplicity information in different
numbers of innermost layers. In the bottom panel, the ratio is calculated with respect to the
performance when including all 12 layers of the FCC-hh pixel detector [145].
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5.3.1 Effect of b-hadron interactions on trackless b-tagging performance

As seen in Section 5.2, a very energetic charged b-hadron can leave a hit in each layer
of the pixel detector it traverses before decaying. These additional hits can have a
direct effect on the performance of the trackless b-tagging algorithm. In fact, based
on Equation 5.2, the additional hit from the quasi-stable simulation in one or more
layers of the pixel detector would increase the value of Nj, resulting in smaller values of
f;- Consequently, the ability of discriminating between b-jets and I-jets would also be
reduced.

To study the effect of b-hadron interactions, the b-tagging efficiency is evaluated with
max_trackless as discriminant, using the extended Z’ sample introduced in Section 5.2
in order to enhance the fraction of b-hadrons traversing the pixel layers, for both the
standard and the quasi-stable simulations. One caveat regarding the production of these
samples has to be mentioned. In the ATLAS simulation data format, the pixel information
is typically removed due to its large size. A large fraction of the work was dedicated
to the generation of samples correctly storing the hit information. Given that only the
sample produced using the quasi-stable simulation was available, the standard sample
was constructed from the quasi-stable one by removing one cluster from the total number
of clusters contained in a given pixel layer, in all cases in which a charged b-hadron
traversed that layer (b-hadron L,, greater than the pixel radius). It was not possible
to check if the b-hadron really left a hit in the pixel, therefore, the difference between
the quasi-stable and the derived standard sample is expected to be the largest possible.
However, given that the pixel efficiency is ~ 100%, the observed differences are very close
to reality.

In case a b-hadron decays into a c-hadron before a pixel layer, and the c-hadron
traverses the layer before decaying, the cluster possibly left by the c-hadron is not
removed. This means that, before the IBL, the standard and quasi-stable distributions as
a function of the b-hadron L,, are expected to be identical.

Figure 5.32 shows the b-tagging efficiency of max_trackless at the 50% WP as a function
of the b-hadron L,, and the jet pr, for the standard and the quasi-stable simulation and
for all b-hadrons. The large number of fragmentation tracks at high jet pr (as shown
in Figure 5.27), is expected to leave the same number of hits in two consecutive layers.
Therefore, the max_trackless variable is equal to zero for a large fraction of the b-jets,
resulting in a b-tagging efficiency limited to ~ 50%.

An almost flat ~ 9% difference can be observed between standard and quasi-stable
simulation as a function of the jet pr. The reduction in the tagging efficiency as a function
of the b-hadron L,, after the IBL is due to the fact that the value of »; in Equation 5.2 is
bigger in the quasi-stable than in the standard simulation, as it contains an additional
hit in the j™ pixel layer coming from the b-hadron interaction.

Although the b-tagging efficiency reaches ~ 80% at high- pt, the corresponding light jet
rejection of the tagger is poor, as shown in Figure 5.32 (c) for the quasi-stable simulation.
Therefore, it is natural to evaluate how much one can effectively profit from the use of
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Figure 5.32: b-tagging efficiency at the 50% WP of max_trackless as a function of jet pr (a)
and b-hadron L,, (b) for the standard (blue) and the quasi-stable (red) simulations. In the
bottom pad, the ratio between the quasi-stable and the standard distributions is shown. The
statistical uncertainties are not shown because given with the procedure used to derive the
standard sample, the two samples are no longer statistically independent. Figure (c) shows
the light jet rejection of the tagger as a function of the b-jet efficiency.
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this tagger to identify b-jets. The following studies are performed using the quasi-stable
sample, in order to overcome the limitation of the derivated standard sample.

Figure 5.34 (a) and (b) show the fraction of »-jets that have been tagged by max_trackless
at the 50% WP (in blue), those tagged by max_trackless at the 50% WP but not by DL1r
at the 70% WP (in red), those tagged by DL1r at the 70% WP but not by max_trackless
at the 50% WP (in magenta), those tagged by both max_trackless at the 50% WP and
DL1r at the 70% WP (in yellow), and those tagged by DL1r at the 70% WP without any
requirement on max_trackless (in green). A scheme to clarify which 4-jets enter in which
curve is reported in Figure 5.33.

DL1r but not
max_trackless

max_trackless

and DLAr DLAr

max_trackless
but not DL1r

max_trackless

Figure 5.33: Among all b-jets, those tagged by max_trackless enter the blue oval which
overlaps with the one containing the events tagged by DL1r shown in green. The events that
are tagged by max_trackless but not by DL1r enter the red portion, while those tagged by
DL1r but not by max_trackless enter the magenta portion. The events that are tagged by
both DL1r and max_trackless enter the yellow portion while those that are identified neither
by max_trackless nor by DL1r belong to the remaining white part of the entire set.

At low pr, DL1r is expected to have better performances with respect to max_trackless.
On the other hand, it can be observed that starting from ~1 TeV many of the jets not
tagged by DL1r get recovered by the new discriminant, which can be observed also when
evaluating the efficiency as a function of the b-hadron L,,.

These studies triggered an on-going effort within the Trackless b-tagging Working
Group for including the hit information in the training of DL1r. This will be a key study
to evaluate how much the new trackless tagger would help the standard discriminant in
the identification of b-jets at very high-pr.
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Figure 5.34: b-tagging efficiency for all the events tagged by max_trackless at the 50% WP
(blue), those tagged only by max_trackless at the 50% WP and not by DL1r at the 70% WP
(red), those tagged by DL1r at the 70% WP but not by max_trackless at the 50% WP (in
magenta), those tagged by DL1r at the 70% WP (in green), those tagged by DL1r at the 70%
WP but not by max_trackless at the 50% WP, and those tagged by both DL1r at the 70% WP
and max_trackless at the 50% WP. The three curves are plotted as a function of jet pr (a) and
b-hadron L,, (b).



Measurement of the H — bb decay
in association with a Vector Boson

As described in Chapter 1, the Higgs field predicted by the Brout-Englert-Higgs mech-
anism gives mass to the charged fermions (quarks and leptons) through interactions
involving the Yukawa couplings, with strength proportional to the fermion mass. For
this reason, the largest couplings of the Higgs boson are expected to be with the b- and
t-quarks. However, the t-quark is too heavy to allow for the decay of an on-shell Higgs
boson to a pair of t-quarks, thus the determination of its coupling can be directly probed
only via the #7H and the tH production modes and, indirectly, via the gluon-gluon fusion
process.

On the other hand, the decay of the Higgs boson into a pair of b-quarks has the largest
predicted branching ratio (~58%) [11, 12] among all its decay modes, providing the most
powerful way to probe the coupling of the Higgs boson to the down-type quarks.

The observation of the H — bb decay mode is a mandatory step to confirm, or not, the
mass generation mechanism as predicted by the Standard Model, but also to set strong
limits on possible beyond the Standard Model phenomena in the Higgs sector.

However, this channel is very challenging: the Higgs boson production via gluon-gluon
fusion (ggF), having the largest cross section, leads to a pair of low momentum b-quarks
which is almost impossible to distinguish from the inclusive QCD bb-pair production,
whose cross section is about ~107 larger than the ggF one.

To overcome this limitation, it is necessary to study processes that have smaller cross
sections but exhibit features not present in the QCD processes. The second largest cross
section for the production of the Higgs boson is given by the vector boson fusion (VBF),
where the Higgs boson is produced in association with two energetic jets in the forward
and backward regions. However, given its fully hadronic final state, both trigger and
background modelling remain very challenging.

The solution is given by the associated production of the Higgs boson with a vector
boson (VH), W or Z, whose leptonic decays can be exploited for triggering and to highly
suppress the QCD background, enhancing the signal sensitivity. Therefore, the VH as-
sociated production has been chosen as the main channel for the search of the H — bb
decay mode at the LHC.

In this chapter, the analysis strategy that provided the observation of the H — bb decay
and the VH production mode [13] is summarised in Section 6.1. This will serve as a
basis for the definition of the strategy adopted by the VH, H — bb analysis performed
with the full Run 2 dataset of 139 fb~!, which is the main subject of this thesis. The
data and the Monte Carlo samples used to simulate the signal and background processes
are summarized in Section 6.2, the object reconstruction and the event selection can
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be found in Section 6.3 and Section 6.4, respectively. In Section 6.5 the multivariate
analysis technique is described, followed by the definition of the statistical procedure
used to extract the signal strength in Section 6.6. From Section 6.7 to Section 6.12 the
signal and background modelling and the experimental uncertainties entering the fit
model are summarised, together with a description of the so called “smoothing” and
“pruning” procedures applied to the systematic uncertainties. Particular attention is
given to the description of the modelling of the W+jets background and to the fit studies
and statistical model in the 1-lepton channel, as they represent the main contributions
of the author to the analysis. Section 6.13 summarises all the cross-checks performed at
the fit stage that led to a major change of the fit model itself. In Section 6.14, the results
of the main VH, H — bb analysis will be presented, followed by the results of the diboson
and di-jet mass cross-check analyses.

6.1 Observation of the H — bb decay and VH production

In 2018 the ATLAS Collaboration announced the observation of the Higgs boson decaying
to a pair of b-quarks produced in association with a W or a Z boson [13]. The data,
corresponding to an integrated luminosity of 79 fb™!, were collected in proton-proton
collisions at +/s = 13 TeV during the first half of Run 2. The combination of the results
from the VH, H — bb analysis and other searches in both Run 1 and Run 2 for the H — bb
decay mode yielded an observed (expected) significance of 5.4 (5.5) standard deviations.
Additionally, a combination of Run 2 analyses searching for the Higgs boson produced in
association with a vector boson, provided the observation of the VH production mode
with an observed (expected) significance of 5.3 (4.8) standard deviations. In the following
sections, this result will be addressed to as the "H — bb observation analysis".

Utilising the three leptonic decays of the vector boson, three analysis channels are
defined. The 0-lepton channel targets events where the Z boson decays into a pair of
neutrinos, Z — vv, the 1-lepton channel targets events where the W boson decays into a
lepton and a neutrino, W — Iv, and the 2-lepton channel identifies events where the Z
boson decays into a pair of leptons, Z — [*/~. The corresponding Feynman diagrams of
the three analysis channels are illustrated in Figure 6.1.
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Figure 6.1: Feynman diagrams of the three lepton channels in which the VH, H — bb events
are categorized.

Whilst the QCD background is greatly reduced thanks to the leptonic signature provided
by the VH production mode, several SM backgrounds remain. The main backgrounds
are the production of top-quark pairs, 77, the leptonically decaying vector boson, W or
Z, produced in association with jets, V+jets, the production of a single top-quark and
the diboson production, WW, WZ and ZZ, where one boson decays leptonically and the
other decays hadronically. Some Feynman diagrams of the background processes are
shown in Figure 6.2.



118 6 Measurement of the H — bb decay in the VH production

(a) WHjets

(o)t

(d) single-top s-channel

(e) single-top t-channel

(g) diboson WW

Figure 6.2: Feynman diagrams of the main backgrounds of the VH, H — bb analysis.
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To reduce the large background contributions, the VH, H — bb analysis is performed
in the high pr regime in order to have a better signal-to-background ratio, as shown in
Figure 6.3 by the spectra of the vector boson transverse momentum, p‘T’, in the 2-lepton
channel and in the region with two selected jets, both identified as b-jets.
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Figure 6.3: Distributions of the p¥ variable in the 2-lepton channel for 2 b-tagged jets,

2-jet events and inclusively in the p¥ > 75 GeV regions. The data points in black with the
associated error bars are compared to the Monte Carlo prediction of the backgrounds which
are shown by the coloured stacked histograms. The Higgs boson signal (my = 125 GeV) is
shown as a filled red histogram and unstacked scaled by the factor indicated in the legend
to illustrate the signal shape. The bottom pad shows the ratio of the data to the combined
signal and backgrounds. It can be observed that at the p¥ spectra of the signal (continuous
red line) at high pr is harder than the background one [146].

The main handle to discriminate between the signal from the sum of all backgrounds
is the invariant mass, m;,, of the two b-jets in the final state. The analysis performed
using this single variable as discriminant will be referred to in the following as di-jet
mass analysis. Figure 6.4 shows the my, distribution where the WH and the ZH channels
are combined and all the backgrounds, except for the diboson, are subtracted from data.
A clear peak can be observed at the mass of the Higgs boson which is consistent in shape
and rate with the theoretical prediction for the H — bb decay process.

However, the sensitivity of the di-jet mass analysis with 79 fb~! is not sufficient to
claim the observation of the H — bb decay. Therefore, it is used as a cross-check to
a multivariate technique using a Boosted Decision Tree (BDT) to enhance the signal
over background ratio by making use of other kinematic variables that show significant
differences between the signal and the backgrounds. Two sets of BDT are constructed, the
nominal BDTyy is used to separate the VH, H — bb signal from the sum of the expected
backgrounds, while the second one (BDTy;) is used to validate the analysis strategy and
the background modelling of the main analysis by extracting the VZ,Z — bb process. In
both cases, the output distributions of the multivariate analyses are used as discriminants
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Figure 6.4: Distribution of m;;, from all search channels combined after subtraction of all
backgrounds except for WZ and ZZ production. The data points in black with the associated
error bars are compared to the Monte Carlo expectations from the production of WZ and ZZ
(in grey) and of WH and ZH (in red) [13].
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to a binned maximum-likelihood fit, referred to as the global likelihood fit, which allows
the signal yield and the background normalisations to be extracted.

The same analysis strategy has been adopted for the full Run 2 VH, H — bb analysis
which will be described in details in the next sections.

6.2 Data and simulated samples

The proton-proton collision data used in this analysis was collected by the ATLAS detector
during the full Run 2 of the LHC and corresponds to a dataset of 139 fb~! at a centre-
of-mass energy of +/s =13 TeV. Events have to pass a filter requirement called Good
Run List (GRL) to ensure their quality and that all systems of the ATLAS detector were
operating well when the events were recorded.

All backgrounds are simulated using Monte Carlo (MC) generators, with the exception
of the multi-jet background, present only in the 1-lepton channel, and the top back-
ground (¢7 and single-top) in the 2-lepton channel, which are estimated with data-driven
techniques. All simulated processes are normalised to the most accurate theoretical
prediction of their cross-section and were generated to next-to-leading-order (NLO)
accuracy at least, except for the gg — ZH and gg — VV processes which are generated
at LO. Table 6.1 summarises the matrix element (ME), the parton shower (PS) and the
underlying event (UE) models, the Parton Distribution Function (PDF) sets and the corre-
sponding cross-section for each signal and background process. All samples of simulated
events are passed through the ATLAS detector simulation [15] which is based on the
GEANT4 software [16].
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6.2.1 Signal Processes

Nominal Monte Carlo samples The VH signal can be divided into three signatures
depending on the number of charged leptons in the final state: Z(— vv)H(— bb), W(—
Iv)H(— bb) and Z(— [*17)H(— bb) where [ = e, u, 7. All gg-initiated samples are simulated
using the POWHEG generator for the ME with the MiNLO (Multileg Improved NLO) proce-
dure applied [150], interfaced to the PYTHIA8 [151] generator for the PS and applying the
AZNLO tune [152] with the NNPDF3.0 PDF [56] set. The computation of the one-loop
amplitudes is performed with the GoSam automated software [148]. The gg-initiated
ZH contribution is simulated using the POWHEG prediction with the matrix element
computed at LO in QCD, interfaced with PYTHIA8 and applying the AZNLO tune [152]
with the NNPDF3.0 PDF [177] for both the matrix element and the parton shower. The
cross sections for WH and ZH are calculated at NNLO in QCD [154] [156] and NLO in
electroweak (EW) [178] for the quark-induced processes and at NLO+NLL QCD for the
gluon-induced ones.

Alternative Monte Carlo samples In order to derive the uncertainties to model the
signal processes, the nominal POWHEG + MiNLO + PYTHIA8 samples are compared to the
following alternative samples:

o POWHEG +MiNLO+HERWIG7 for the UE and PS models;

» POWHEG + PYTHIA8 with variations of the multiple parton interaction (MPI) cut-off
compared to the nominal value;

« POWHEG + PYTHIA8 with six variations for the renormalization scale uz and the
factorization scale ur;

« POWHEG + PYTHIA8 with variations of two sets of eigentunes for the AZNLO [152]
parton shower tune covering primordial k; and initial state radiation (ISR) cut-off
variations [152].

6.2.2 Top-quark Pair Production

The top-quark pair production is the largest background in the VH, H — bb analysis, being
present in each of the three lepton channels. However, its treatment differs between
the 0-/1-lepton and 2-lepton channels as the firsts contain ¢ events with at least one
non-reconstructed object, while the 77 events in the 2-lepton channel are mostly fully
reconstructed. In addition, studies on fully reconstructed ¢7 events in the 0- and 1-lepton
channels have shown that the events with two b-tagged jets consist mainly of bb-pairs
but also a non-negligible amount of bc events.

As a consequence, a MC based prediction is used in the 0-/1-lepton and a fully data-driven
approach is utilized in the 2-lepton channel, making use of a dedicated “top-eu” control
region 99% pure in the 77 and single-top background. More details about the construction
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of this control region will be given in Section 6.4. The following MC samples are used to
describe the 77 background.

Nominal Monte Carlo samples The default MC generator for the ¢7 process is POWHEG
v2 + PYTHIAS8, which utilises the POWHEG NLO matrix element generator [165, 179] inter-
faced to PYTHIA8.210 [61] using the A14 tune [166] for the parton shower, hadronization,
underlying event, and multiple parton interactions. In addition to this, the sample
utilises the NNPDF3.0 (NLO), and NNPDF2.3 (L.O) PDF set in the ME calculation and PS,
respectively.

Alternative Monte Carlo samples To assess modelling uncertainties for the 7 back-
ground, the nominal generator POWHEG + PYTHIAS8 is compared to the following alternative
samples:

» POWHEG + HERWIG7: same setup for POWHEG as for the nominal sample, but with PS,
hadronisation, and UE simulated with HERWIG7.0 [60, 180] with the H7UE tune [60];

e MADGRAPH5_aMC@NLO + PYTHIAS.2: using MADGRAPH5_aMC@NLO [181] for the hard
scattering generation at NLO precision and PYTHIAS8.2 for the PS, hadronisation,
UE, and MPI simulation;

» POWHEG + PYTHIA8: same setup as for the nominal sample but with doubled uz and
ur, hdamp! = 1.5 -m,,, and A14 tune down variation for the low radiation samples
and halved ug and pr, hdamp = 3.0 -my,, and A14 up variation for the high radiation
samples?.

A filtering at generator level is applied using particle-level information. Samples de-
fined as non-all-hadronic are required to have at least one W boson decaying leptonically,
while the di-lepton tf samples are required to have both W bosons decaying leptonically.
The 17 samples are then normalised using cross sections calculated at NNLO+NNLL [167].

6.2.3 Vector Boson + Jets Production

The production of a V (V=W or Z) boson in association with jets is the second main
background in the 0- and the 1-lepton channels.

Nominal Monte Carlo samples The V+jets samples are simulated using SHERPA 2.2.1[182]
interfaced with the NNPDFs [177] for both the ME calculation and the PS tuning. SHERPA
2.2.1 adopts a 5-flavour scheme in the ME where both b-quarks and c-quarks are treated
as massless. Massive quarks can be generated at parton shower level relying on the
algorithms provided internally by the generator. The precision of the simulation depends

Ihdamp corresponds to the transverse momentum scale around which the Sudakov resummation becomes
negligible. Smaller values of hdamp correspond to a larger suppression of the hardest emission from the
matrix element to the cross section.

240 » is defined as the invariant mass of the lepton, the reconstructed neutrino (identified as the ErT“iSS)
and the b-tagged jet that yields the lowest mass value.
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on the parton multiplicity: SHERPA 2.2.1 is NLO in the ME up to two extra partons and
LO with 3 or 4 extra partons. The merging of different parton multiplicities is achieved
through a matching scheme based on the CKKW-L [183, 184] technique using a matching
scale of Q.,; = 20 GeV.

In order to generate a sufficient number of events with large transverse momentum,
V+jets samples are split according to the pt of the vector boson and the transverse energy
of the event Hr, introducing a cut at generation level and producing samples for different
slices in max(Hr, p‘T’). An exception is made for Z(— vv) + jets samples that are produced
with only a p‘T’ filter, since it was found to be more efficient in enriching the high p‘T’
phase space than the nominal max(Hr, p¥) filter. Moreover, to obtain a sufficient number
of events with heavy-flavour final states, flavour filters are applied at the generator level:
b-filter samples require at least one b-jet, c-filter + b-veto samples contain at least 1 c-jet,
and a veto is imposed on events passing the b-filter, and c-veto + b-veto veto the events
passing the b-filter and the c-filter + b-veto one.

Alternative Monte Carlo samples MADGRAPH 5 [181] interfaced to PYTHIAS is used
as an alternative sample to simulate the hard-scattering, the parton shower, and the
underlying event. It is LO in QCD and it merges together matrix-element calculations
with different parton multiplicities, up to 4 additional jets (higher jet multiplicities are
modelled by the parton shower algorithm). The merging scheme applied to combine
different parton multiplicities is the CKKW-L scheme, as for the nominal sample, but
using a merging scale of Q.,; = 30 GeV.

SHERPA 2.2.1 generator with the same setup as the nominal but with doubled or halved

values of the renormalization and factorization scales, or with a different PDF set (specif-
ically, MMHT2014nnlo68cl and CT14nnlo) is used as alternative sample.
SHERPA 2.2.1 samples with different values of the resummation and ckkw scales® (not yet
included as internal weights in the present version of SHERPA 2.2.1) with respect to the
nominal were not produced in time to be used in the analysis, but their effect is expected
to be small from studies performed for the H — bb observation analysis [13].

6.2.4 Single-Top Production

The single-top background consists of three channels: s-channel, t-channel and Wt-
channel. The s-/t-channel events are generated requiring at least one leptonically decay-
ing W, while the Wt-channel events are produced both applying a di-lepton filter (both
W' decay leptonically) and inclusively. However, this analysis uses only the inclusive
samples.

Nominal Monte Carlo samples The POWHEG v2 generator is used to model the hard
scattering and it is interfaced to PYTHIAS for the simulation of the parton shower, the

3The ckkw scale refers to the matching scale between matrix element and parton shower. The resummation
scale corresponds to the scale at which the large logarithms due to the soft gluon emission are absorbed
at all perturbative orders.
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underlying event and the multiple parton interactions.

Alternative Monte Carlo samples The nominal samples are compared to POWHEG +
PYTHIA6 samples with the following alternative generators:

» POWHEG + PYTHIA6 with doubled or halved ux and ur;

« POWHEG + PYTHIA6 with “diagram subtraction” scheme for the matrix element

instead of the nominal “diagram removal scheme™;

» POWHEG + HERWIG++ to assess effects on the parton shower model;

» MADGRAPH5 aMC@NLO + HERWIG++ that is compared to POWHEG + HERWIG++ to
assess the effect on the matrix element.

6.2.5 Diboson Production

The diboson background consists of three processes: ZZ, WW and WZ. The SHERPA 2.2.1
generator interfaced with the NNPDF 3.0 PDF sets is used as nominal generator for both
the matrix element and the parton shower and it is compared to:

» POWHEG v2 + PYTHIAS to assess effects on both the matrix element and the parton
shower;

» POWHEG + HERWIG++, generated using the same setup as POWHEG v2 + PYTHIAS but
using HERWIG++ for a different PS, hadronisation, UE and MPI models;

» SHERPA 2.2.1 internal weights for the renormalization uz and factorization u scales,
which are doubled or halved with respect to the nominal value.

Each diboson process is normalised according to its MC generator predicted cross-section.

6.2.6 Multi-jet Background

The QCD multi-jet background arises either from jet energy mismeasurements, especially
in the 0-lepton channel, or from “fake leptons” in the 1-lepton and 2-lepton channels.
Fake leptons can be produced by hadronic jets misidentified as electrons, by electrons
from photon conversions (y — e*e™) or by electrons or muons from non-prompt weak
decays. Studies performed for the H — bb observation analysis [13] have shown that
the contribution of the multi-jet background in the 0-lepton and 2-lepton channels is
negligible. In the 1-lepton channel, its contribution is small but non-negligible with
respect to the other backgrounds.

Due to the small number of multi-jet events simulated in the analysis phase space and

4The NLO diagrams of the Wt process interfere with 7 at LO and can be thought as a production of a /7 pair.
This raises up the question whether or not it makes sense to consider Wt as an independent process.
In the diagram removal scheme, the resonant 7 effects are removed at the amplitude level, while in the
diagram subtraction scheme, these effects are removed at the cross-section level. By comparing these
two approaches one can give an estimation of the interference between Wt and .
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to the inaccurate description of fake leptons, a fully data-driven approach is used to
estimate the multi-jet background using a template fit method. Details of the estimation
of the multi-jet background will be provided in Section 6.10.

6.3 Object Reconstruction

The event topologies considered in the VH,H — bb analysis contain zero, one or two
charged leptons and two b-tagged jets. In the following, the reconstruction of the physics
objects for each channel is described.

Triggers Events in the 0-lepton channel are selected using the lowest unprescaled
E,‘}“iss triggers with online thresholds of 70 GeV for data recorded in 2015, 90 GeV and
110 GeV for data recorded in 2016 and 110 GeV for those recorded in 2017 and 2018.

Events in the 1-lepton electron sub-channel and in the 2-lepton channel are triggered
using the lowest unprescaled single lepton trigger having pt thresholds increasing from
25 GeV in 2015 to 26 GeV in 2016-2018. In the 1-lepton muon sub-channel channel,
the single muon trigger has an efficiency of 80%. This is mainly due to the reduced |n|
(Inl < 2.4 plus gaps at |p| < 0.1) coverage of the muon chambers. To recover for the loss of
efficiency in the 1-lepton channel, the same E‘T“iss trigger as the 0-lepton channel is used
to trigger events with one single muon. In fact, these triggers use only the information
from the electromagnetic calorimeter firing the trigger even for high pr muons which
release only a small amount of energy inside the calorimeter cells.

Leptons The VH,H — bb analysis is categorized into three lepton channels depending
on the number of leptons (e or u) in the final state.

The VH-loose selection criteria are designed to maximize the electron and muon
selection efficiency. Both are required to have py > 7 GeV, the electron (muon) should
be in the range of || < 2.47 (In] < 2.7), the impact parameter significance should be less
than 5 o (3 o) and |Azgpsinf| < 0.5 mm to reject tracks from pile-up. Loose track isolation
([106] for electrons, [108] for muons) is also applied to reduce jets faking electrons
(muons). Events with zero VH-loose leptons end up in the 0-lepton channel while for the
1-lepton and 2-lepton channels, tighter selection criteria are applied to reduce the multi-
jet component. In the 2-lepton channel, the ZH-signal requires one or more electrons
(muons) with || < 2.5 and pr > 25 GeV (pt > 27 GeV). If only one ZH-signal lepton is
found, the other one is a VH-Loose lepton. In the 1-lepton channel, the selection of
isolated leptons is crucial to reduce the large QCD multi-jet background: exactly one
electron (muon) is required with tight (medium) identification and calorimeter-based
(track-based) tight isolation criteria [106, 108] keeping 95% of signal efficiency.

Table 6.2 (6.3) presents a summary of electron (muon) selection criteria, for VH-loose,
ZH-signal and WH-signal, respectively.
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Table 6.2: Electron selection criteria; the events with zero VH-Loose leptons end up in the
0-lepton channel. In the 1-lepton channel, exactly one electron with WH-signal selection
is required, in the 2-lepton channel, one or more electrons with ZH-signal selection are
required. If only one, the other satisfies the VH-loose selection. The isolation requirements
are those defined in Section 3.2.4 for the electrons.

Electron Selection PT n 1D dffg w.r.t. B-layer |Azgsin6)| Isolation
VH-Loose >7GeV  |p<247 LHLoose <5 <0.5mm Fixed-Cut Loose
ZH-Signal >27 GeV |n<247 LHLoose <5 <0.5mm Fixed-Cut Loose
WH-Signal >27 GeV || <2.47 LH Tight <5 <0.5mm HighPtCaloOnly

Table 6.3: Muon selection criteria; the events with zero VH-Loose leptons end up in the
0-lepton channel. In the 1-lepton channel, exactly one muon with WH-signal selection is
required, in the 2-lepton channel, one or more muons with ZH-signal selection are required.
If only one, the other satisfies the VH-loose selection. The isolation requirements are those
defined in Section 3.3.3 for the muons.

Muon Selection pT n ID dgi”' w.r.t. B-layer |Azpsiné)| Isolation
VH-Loose >7GeV  |p<2.7 LH Loose <5 <0.5mm Fixed-Cut Loose
ZH-Signal >27GeV |p<25 LHLoose <3 <0.5mm Fixed-Cut Loose
WH-Signal >27GeV || <2.5 LHMedium <3 <0.5mm HighPtTrackOnly

Jets Jetsarereconstructed from topological clusters [185] using the anti-k, algorithm [113]
with radius R = 0.4 (see Chapter 3). Jets can be identified as forward or signal jets. Signal
jets are required to have pr > 20 GeV, || < 2.5, and to satisfy the cuts on the JVT needed
to reject low pr jets likely originating from pile-up. Forward jets are required to have
pr>30GeVand2.5<|p <4.5.

b-tagging requirements The Higgs boson candidate is reconstructed from jets arising
from b-quarks, therefore it is mandatory to be able to identify the b-jets with respect
to the light-, c- and 7-jets. The algorithm used to perform b-jet tagging is the MV2c10
algorithm which was described in Section 4.3.2. A fixed-cut requirement at the 70%
working point selects the 2-tag events entering the signal region. In the case of the
3-jet category, a veto is imposed on the third jet so that it does not pass the tagging
requirement. A truth tagging procedure, as described in Section 4.5, is applied to the WW
samples® and to V+jets events not containing b-jets. The ¢7 and V+jets events containing
b-jets undergo a hybrid tagging procedure which consists of applying direct tagging to
b-jets and truth tagging to non b-jets components. The procedure can be described in
three main steps:

5To mimic the signal signature, one W has to decay hadronically and the other leptonically. Therefore,
only one of the two jets from the hadronically decaying W is a real b-jet. This is not the case for the ZZ
and the WZ backgrounds in which the hadronic decay of the Z is dominated by two real 5-jets.
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« Divide the jets of each events in two groups, depending on their truth flavour: one
with only b-jets and one with only non b-jets;

« All b-jets in the first group are direct tagged;

» The c-jets and /-jets in the second group are truth tagged imposing a number of
tagged jets equal to the difference between the number of required jets in the
signal region and the number of b-jets in the first group passing the b-tagging
requirement (cut on the MV2c10 discriminant).

With this procedure, a reduction of 60% and 90% in the statistical uncertainty of the
V +bc and V + bl samples, respectively, is obtained.

b-jet energy corrections Dedicated b-jet energy corrections are applied to improve
the signal mass resolution which is deteriorated by the inaccuracies in the »-jet measure-
ments.

The b-quarks can decay directly leptonically (b — IvX) ~ 22% of the times or indirectly
leptonically through the » — ¢ — IvX chain, [ being u or e, ~ 20% of the times. Therefore,
about 20% of the reconstructed b-jets have a semileptonic decay of the »-hadron which
involves a muon. Being a minimum ionizing particle (MIP), the energy lost by the muon
inside the calorimeters is very small. Therefore, if a reconstructed muon having pt > 4
GeV and passing the medium quality cuts is found within AR(j,x) < min(0.4,0.04 + 10/ p.)
from the b-jet axis, the four momentum of the muon is added to the total momentum
of the jet and the energy deposited by the muon in the calorimeter is removed. This
correction is called muon-in-jet correction.

An additional correction applied to the b-jets is called PtReco and is applied after the
muon-in-jet correction. This is evaluated from the ratio of the particle-level jet energy to
the reconstructed one.

A kinematic fit (KF) is applied in the 2-lepton channel where no EIF“iSS is present and the
kinematics of the Z(— I*I7)H(— bb) events can be fully reconstructed. Since the di-lepton
mass resolution is much better than the one of the di-jet system, it is possible to improve
the b-jet energy correction by constraining the final state objects to be balanced in the
transverse plane. To do this, the total transverse momentum is constrained to be zero
with a width of 9 GeV mass determined by measurements in simulated ZH events based
on particle-level information. The leptons and b-jets are then smeared by Gaussian
distributions correspondent to the expected resolution while, if present, additional jets
are smeared with dedicated asymmetric transfer functions.

The final di-jet mass resolution is shown in Figure 6.5 where the effect of sequentially
b-jet energy corrections is summarised.

Vector Boson The missing transverse momentum of the vector boson corresponds to
the EaniSS in the 0-lepton channel, the vectorial sum of the transverse momentum of
the charged lepton and the E%liss in the 1-lepton channel and the vectorial sum of the
transverse momenta of the leptons in the 2-lepton channel.
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Figure 6.5: Comparison of the my,;, distributions as additional corrections are applied to the
jet energy shown for simulated events in the 2-lepton channel with 2-jets and p‘T’ > 150 GeV
inclusively in signal and control regions. A fit to a Bukin function [186] is superimposed on
each distribution to highlight the resolution improvements [187].

6.4 Event Selection

The VH,H — bb analysis is categorized into three lepton channels depending on the
number of leptons (e or y) in the final state. In all channels, the events are required
to have exactly two b-tagged jets which form the Higgs boson candidate. At least one
b-tagged jets is required to have pt > 45 GeV. Events with exactly two signal jets form
the 2-jet category while events with exactly three jets form the 3-jet category. In the
0-lepton and 1-lepton channel, only one additional jet is allowed in order to suppress
the tf background. In the 2-lepton channel any number of additional jets is accepted to
increase the signal acceptance.

The vector boson transverse momentum p‘T’ corresponds to the E%“ss in the 0-lepton
channel, therefore a cut on Eaniss > 150 GeV is required to select events containing a
Z boson decaying to a pair of neutrinos. The analysis is split into three p‘T’ regions to
increase the sensitivity because of different signal over background ratios: a medium p¥
region only in the 2—1epton channel, 75 < p‘T’ <150 GeV, a high p¥ region 150 < p¥ <250
GeV and an extreme pT region pT > 250 GeV. The split at pV 250 GeV was introduced in
order to synchronize the reconstructed categories of the analysis with the truth categories
of the Simplified Template Cross Section (STXS) bins in which the cross section of the
H — bb process is calculated. Details of the STXS scheme will be provided in Section 6.8.1.

In the 0-lepton channel high Eaniss in multi-jet events arises from mismeasured jets
in the calorimeters. Such events are efficiently removed by the anti-QCD requirements
reported in Table 6.4. As explained in Chapter 3, the missing transverse momentum, ErTniSS,
is reconstructed as the negative vector sum of the transverse momenta of the hard objects
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(Ieptons, photons, hadronically decaying r-leptons and jets) using both calorimeter-based
and track-based information, and a track-based soft-term calculated as the negative
vector sum of the pr of tracks matched to the primary vertex but not associated with
a reconstructed lepton or jet. The track-based missing transverse momentum, Eangls( in
Table 6.4 differs from the nominal E7"** as it is calculated using only tracks reconstructed
in the inner tracking detector and matched to the primary vertex. This variable is less
sensitive to pile-up effects but cannot account for neutral particles. The values of the
cuts are tuned in such a way that the remaining fraction of multi-jet contamination is of
the order of 1% of the total background. In the 1-lepton channel a cut on ErTmiss > 30 GeV

is applied in the electron sub-channel.

Table 6.4: Anti-QCD cuts required to suppress the multi-jet background in the 0-lepton
channel. The Higgs boson candidate is indicated by the bb.

min[AG(EDSS jets)] > 20° (2 jets) , > 30°(3 jets)

AG(EISS, bb) > 120°
A¢(b1,b>) < 140°
AG(EISS, EIIS) <90°

To better constrain the modelling of the backgrounds, three control regions are de-
fined. The first two, enriched in V+jets and ¢, were built in the 1-lepton channel using
continuous cuts on AR(b;,b>) (AR, for semplicity) between the two selected b-jets as
a function of p¥. A lower and an upper contour cut separate the signal region from a
Low-AR CR and a High-AR CR , respectively. An illustration of the procedure is shown
in Figure 6.6.

12
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Figure 6.6: Signal yield distribution of the AR, between the two b-tagged jets as a function
of the p¥ in the 1-lepton channel for 2-tag jets events, in the 2-jet (a) and exactly 3-jet (b)
categories in the high- pt region. The black lines show the continuous lower and upper cuts
on ARy, used to categorise the events into the signal and control regions [146].

In order to have a consistent definition among the three channels, the same contours
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also define these two CRs in the 0-lepton and 2-lepton channels. The upper cut which
defines the High-AR CR is designed in the 1-lepton channel to keep up to 95% of the
signal in the 2-jet category and up to 85% in the 3-jet category. As a result, this region is
enriched in 77 in the 0-lepton channel, in 77 and single-top in the 1-lepton channel and
in Z+jets events in the 2-lepton channel. Further control on the modelling of the 7 and
single-top backgrounds is provided by the split in p¥ regions.

The VZ background is a resonant process as the VH signal but with a smaller mass
scale, therefore, the VZ peak sits at the left of the signal peak in the AR, distribution, as
shown in Figure 6.7 for the three lepton channels.
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Figure 6.7: Distribution of AR, showing the resonant peaks of the VH signal and the VZ
background [146].

The lower cut which defines the Low-AR CR is designed to keep the majority of diboson
events in the signal region without compromising the signal purity. This is motivated by
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the fact that the same analysis regions are also used in the diboson cross-check analysis.
This region is enriched in W+jets events in the 1-lepton channel and in Z+jets events
in the 2-lepton channel. The contribution of the W+jets background is enhanced when
considering the 0-lepton channel. Also in this region, the split in p¥ regions helps to
constrain the modelling of the V+jets backgrounds.

Whereas in the H — bb observation analysis the di-jet mass cross-check analysis
required further cuts to remove the backgrounds under the m,;, peak, this new definition
of SR and CRs allows to harmonise the di-jet mass analysis with the multivariate one
without compromising its sensitivity.

The 7 background is one of the dominant backgrounds in this analysis and it is flavour
symmetric. Therefore, in addition to the Low-AR CR and High-AR CR, a CR enriched in
top background called “top eu-CR” is built in the 2-lepton channel by applying the same
event selection of the analysis but requiring di-lepton events with different flavours (eu
or ue). This way, the only difference between the phase spaces of the analysis and the
top control region is the lepton flavour; it has been demonstrated that the ¢ kinematic
distributions of the two phase spaces are highly compatible with each other.

The requirement on the lepton flavour eliminates most of the backgrounds so that the CR
is 99% pure in top (¢f and Wr) events. The top eu-CR is used to extract the 7 yield in the
2-lepton channel through a fully data-driven approach. This eliminates all the systematic
uncertainties related to the 7 modelling in the 2-lepton channel leaving only the data
statistics. Details of the data-driven top background estimate are given in Section 6.10.

A summary of the object reconstruction and event selection of the VH, H — bb analysis

is shown in Table 6.5.
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6.5 Multivariate Algorithms

The VH, H — bb analysis is a Multivariate Analysis (MVA). The algorithm preferred by the
VH,H — bb analysis consists of a Boosted Decision Tree (BDT) designed to discriminate
the signal from the sum of all backgrounds. As already explained in the introduction of
this chapter, the nominal analysis, whose BDT will be addressed to as BDTyy, is validated
by a cross-check analysis in which the VH signal is replaced by the VZ signal and the
correspondent BDT will be addressed to as BDTy .

Multivariate approaches are particularly useful when no single variable, describing the
analysis phase space, shows a clear separation power between signal and background. A
set of variables x;_, able to discriminate between signal and background are passed as
input to the multivariate algorithm which combines them into a single output variable y
having an enhanced separation power. The relation between the x;_, variables and the
final output y is given by:

V= f(Xiyeeeens Xn)- (6.1)

The procedure used to determine the function f is called training, or supervised learning
if the events are previously labelled as signal and background events, as in the case of the
VH,H — bb analysis. The supervised learning needs to be performed on a large number
of events otherwise the multivariate technique can be sensitive to overtraining effects,
meaning that the function f learns the features of the particular training sample making
its response not optimal when applied to an alternative testing sample. One possibility to
overcome this issue and maximize the number of training events would be to divide the
initial sample into fully orthogonal training and testing sets. Each training set will yield
an output distribution y which can be cross-checked applying it to the correspondent
testing sample. For the VH, H — bb analysis a BDT algorithm with two sub-sets (folds)
has been chosen, given the large available statistics of the signal and background MC
samples.

The BDT is a combination of Decision Trees (DT). A decision tree takes a set of variables
as input and each variable is used to build a decision node; each decision node can be
recursively split into two branches (or children) until some stopping condition is reached
ending the branch into a leaf. A representation of a DT is shown in Figure 6.8.

The core of a decision tree algorithm resides in how a node is split into two [188]. The
function used to optimized the cuts in the tree is the Gini index which can be thought as
the probability of misclassifying an event. The Gini index is maximal when the signal
and background content in the node is identical (no separation), minimal for nodes with
either only signal or only background events (perfect separation) and symmetric in signal
and background purities. The Gini index is defined as:

N(’Vent)'
Gini = ( Z wi] p(l1-p) (6.2)

i
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Figure 6.8: Schematic view of a decision tree. Starting from the first (root) node, a sequence
of binary splits is applied to the data using the discriminating variables x;. Each split uses
the variable that at this node gives the best separation between signal and background. The
leaf nodes at the bottom end of the tree are labelled “S” for signal and “B” for background
depending on the majority of events that end up in the respective nodes.
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where ( ) Wi) is the weighted sum of events in the node and p is the signal purity of

Un

s with n; and n;, number of signal and background events. The event
weight w; of each signal and background event in the VH,H — bb analysis is defined
from the MC simulation and contains all the corrections described in Section 6.2 and the

1
the node, p =

normalisation of the sample to the correct cross-section.
The Gini index is calculated for both the parent and the children and the optimal cut is
chosen to maximize the difference between the Gini index of the mother node and the
one of the two children nodes:

G= Gi”iparent - Ginichildl - Ginichildz (63)

The growth of the node is stopped when specific conditions are met:

+ minimum node size: if the number of events falling into a child node is below a
certain threshold,;

« max depth: if the distance from the initial node is equal to a certain threshold;

« gain: if G from adding an additional layer is less than 0.

At this point, the node becomes a leaf and the event is classified as signal or background
acquiring a score that is either the signal purity defined above or, as in the case of the
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VH,H — bb analysis, +1 if the leaf contains a majority of signal events, or -1 if it contains
a majority of background events.

6.5.1 Boosted Decision Tree

A single tree is highly susceptible to statistical fluctuations in the training set. One way
to overcome this issue is to build a “forest” of trees using the boosting technique. The
idea is to subsequentially build many “weak” classifiers each of which learns from the
mistakes of the previous one. All classifiers are then combined into an averaged classifier
which smooths out the statistical fluctuations each single tree suffers from.
Historically, the VH, H — bb analysis has always adopted AdaBoost as boosting decision
algorithm, however the full Run 2 version of the analysis uses GradientBoost as it was
shown to bring an improvement of 2%-5% according to the region. Some details of the
GradientBoost are given in the following.

Given a set of N training events {yi;xi}[lv , with x; = {x;...x,,}; the values of the input
variables for the event i, and y; the correspondent response of the classifier, the goal of
the boosting technique is to build an improved predictive model which maps x; to y;. The
idea is to first train a classifier with the full set of training events and then, for the next
iteration, use a modified training sample in which the previously mis-classified events
are given a larger weight [189, 190]. The final classifier is therefore a linear combination
of M weak classifiers of the form:

M
F(x) = Zﬁmf(x;am), (6.4)
m=0

where f(x;a,,) is the corrected response of a single classifier, g,, is the weight of the
classifier in the final average, and a,, are the parameters specifying the various node
splits of the classifier m. Both the expansion coefficients {Bm}{)” and the parameters {am}g4
are derived at each iteration in the training (therefore for each weak classifier) by fitting
them to the training data such that the loss function between the predictive model and
the response y of the classifier to the current training sample is minimised event per
event:

N M
(o) = argmin > L(i, ) (xizan) (6.5)

i=1 m=0
The current implementation of the GradientBoost in the TMVA package [133] used in
this analysis uses a binomial loss function:

L(F,y) = In(a+ e 2FOM), (6.6)

Giving good results already with small trees of 5-10 nodes, GradientBoost is typically
less susceptible to overtraining that is why it was chosen as the default algorithm in the
full Run 2 iteration of the VH, H — bb analysis.
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6.5.2 The multivariate technique in the VH, H — bb analysis

The training is performed on the full phase space of the analysis before the event classifi-
cations into signal and control regions, in order to enhance the training statistics and
avoid overtraining. Due to the different background composition and kinematic variables
able to discriminate between signal and backgrounds, the training is divided into eight
training regions, according to the lepton channel, the jet category and the p¥ region, as
shown in Table 6.6. All categories are defined in the 2-tag region.

Table 6.6: The eight regions in which the training is divided.

Channel | Jet category p¥ region
_ Z_jet miss
0-lepton 3-jet ER'SS > 150 GeV
2-jet v
1-lepton 3-jet pr > 150 GeV
9 et 75 < py < 150 GeV
7 lenton ’ p¥ > 150 GeV
P gt | 75<PY<150Gev
=7 pY > 150 GeV

Contrary to the definition of the analysis regions, the events are not subject to a further
cut at p‘T’ > 250 GeV as studies have proven that a unique training in the p‘T’ > 150 GeV has
equivalent performances as two separate trainings (in 150 < p‘T’ <250 GeV and p‘T’ > 250
GeV).

The input variables are chosen following an iterative procedure defined in Run 1 [191]
and most of them have been kept unchanged for the H — bb observation publication
and the full Run 2 analysis. Starting from m,;, and AR, a new variable is added only if it
improves the sensitivity gain of the BDT training, which is calculated on a bin-by-bin
basis for a given distribution as:

=\

with N the total number of bins in the distribution, and s; (b;) the signal (background)
yield in bin i. The procedure is repeated for all variables until no further improvement is
observed. This is done separately in each lepton channel and the input variable entering
the final MVA are summarized in Table 6.7 with the associated description.

(si+bi)><log(1 + g)—si]}, (6.7)
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The variables m;,, and |An(‘7, bb)|, entering the 1-lepton channel BDT training, need
the neutrino longitudinal momentum to be determined by imposing a constraint on the
W boson mass, my, to solve the equation:

Pl = s [P B X —dpl e 6.8)
(r7)

with X = m3, + 2p! EM5S + 2pl EMISS, where p!. is the lepton’s transverse momentum, p!, .
are the x, y and z components of the lepton’s 4-momentum and E}}* are the x and y
components of the missing transverse momentum. If p! has an imaginary solution, the
E%“SS is shifted such that the discriminant is equal to zero. The mass of the top-quark
is then reconstructed by selecting the combination of b-tagged jets and solution to the
Equation 6.8 which minimises m;,),.

For the full Run 2 analysis few new variables have been added to the BDT with respect
to the H — bb observation publication as studies have shown significant improvements

in the training sensitivity:

 the binned MV2c10 b-tagging discriminants for the leading and sub-leading b-
tagged jets constructed by grouping the scores into two bins corresponding to
efficiencies of 0%-60% and 60%-70%, identical with the bins defined for the
pseudo-continuous b-tagging working point (see Figure 4.9). These variables were
found to improve the sensitivity of the 0-lepton (1-lepton) channel by around 7%
(10%) thanks to the high discrimination power against the bc component of the 7
and single top Wt-channel backgrounds;

* the track-based soft Efrniss term, which is the vectorial sum of the pr of all tracks
in the events that are not associated to any reconstructed object. This variable
was found to improve the sensitivity of the 0-lepton channel by 2% - 3% (region
dependent);

« the polarization angle cos (I, Z), which is the angle between the negatively charged
lepton in the Z-boson rest frame and the Z-boson flight direction in the rest frame.
It makes use of the difference in polarization between the signal and the Z+jets
background suggested in [192] and was shown to improve the sensitivity of the
2-lepton channel by ~7%.

The BDT parameters (also referred to as hyper-parameters), have been optimised in
order to exploit the complete set of training events. Coarse scans of values for the learning
rate, the number of trees and the depth of the trees have been performed. The final
hyper-parameter configuration, reported in Table 6.8, was chosen in order to maximise
the sensitivity without introducing significant level of overtraining.

The number of MC events available for the training can have a direct impact on the BDT
performance. In order to control this effect, the training dataset is split into two sub-sets,
named folds, according to the event number, even or odd. Each of the eight BDTs is
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Table 6.8: Hyperparameters used for the BDT trainings in the context of the full Run
2 analysis. Exceptions for the 1-lepton VH and diboson trainings are given in brackets.
The“Shrinkage” or learning rate controls the weight of the individual trees; the smaller
the learning rate, the highest the number of necessary trees to be grown, which can signif-
icantly improve the accuracy of the prediction. A pruning procedure could be applied to
remove statistically insignificant nodes and reduce the overtraining of the tree. However, no
improvement was found in using this option.

TMVA Setting Value Definition
BoostType Gradient Boosting Boost procedure
Shrinkage 0.5 Learning rate
SeparationType Gini index Node separation gain
PruneMethod No Pruning Pruning method
NTrees 200 (600 for 1-lepton VH) Number of trees
MaxDepth 4 (2 for 1-lepton diboson) Maximum tree depth
nCuts 100 Number of equally spaced cuts tested per variable per node
nEventsMin 5% Minimum number of events in a node (% of total events)

trained on the even (odd) fold and tested on the odd (even) fold. The final discriminant is
then built by summing the MV discriminants of the even and odd folds since no difference
in the physics is expected between them.

BDT Transformation A re-binning of the BDTyy and BDTy; outputs is performed
in order to achieve the best signal sensitivity whilst maintaining the MC statistical
uncertainty at a reasonable level. The following function is considered:

Z(I[k,11) = Z(zg, ns(I[k,1]), Ny, 25, np(I[k, 1], Np), (6.9)

where I[k,[] is an interval of the histogram containing the bins between bin k and bin [,
N, (N,) are the total number of signal (background) events, n(I[k,[]) (n,(I[k,])) is the total
number of signal (background) events in the interval I[k,[], and z, (z;) are parameters
used to tune the algorithm. The Z function used in the VH, H — bb analysis is defined as:
ng np
Z=z,—+7p—. 1
Gyt (6.10)

The following procedure is adopted to rebin the BDTy 4 and BDTy outputs:

1. Starting at the maximum BDT score boundary, the bins are combined one after the
other increasing the range I[k, last] and the value of Z of equation 6.10 is calculated
at each step;

2. Once Z(I[ko,last]) > 1 and the MC statistical uncertainty in the range is below 20%,
all bins in the interval [k, last] are merged into a single bin,;

3. Steps 1-2 are repeated, starting from the last bin on the right not included in the
previous rebinning until kj is the first bin.
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Sensitivity studies have shown that the values z, = 5 and z; = 10, giving 15 bins in
the p‘T’ <250 GeV region, and z;, = 3 and z, = 5 giving 8 bins in the p¥ > 250 GeV region
provide the best signal over background ratio at high values of the BDTyy score. Due
to the limited number of events in the diboson samples, a value of 5 has been chosen
for both z;, and z; in the p‘T’ < 250 GeV region, yielding 10 bins, and values of 3 and 2,
respectively, in the p‘T’ > 250 GeV which give 5 bins in total.

6.6 Statistical Interpretation

The VH, H — bb fitting procedure is based on the profile-likelihood ratio formalism which
is outlined in this section.

6.6.1 Significance testing

The goal of a significance test is to make a statement about how well the observed data
is in agreement with a given hypothesis [193]. The hypothesis under consideration is
called the null hypothesis H, and can be described by the probability density function
(p.d.f.) of the random variable x given the hypothesis Hy, f(x | Hy). This is compared
to an alternative hypothesis H; described by the p.d.f. of x given the hypothesis Hj,
f(x| Hy). Assuming a dataset of n observed values of x = (xy, ..., x,,), the agreement of the
observed dataset with a certain hypothesis is tested using a test statistic #(x). Each of
the hypotheses will have a p.d.f. for the test statistic, g(z | Hy) if Hy is true and g(z | H,) if
H, is true. A cut on the value of t will define a critical region such that if the measured
value of t falls within it, the null hypothesis is rejected otherwise it is not. By applying
this cut, one defines an error of the first kind, when the H, hypothesis is rejected but
it is true:

[Se]

a= fg(tlHo)dt, (6.11)
t(‘l“
and an error of the second kind, corresponding to the probability of rejecting H; al-
though it is true:

ey
p= [ atitiar 6.12)
An illustration of the concept can be found in Figure 6.9.
The quantity 1 -8 is called the power of the test relative to H,. The Neyman-Pearson
lemma states that the critical region giving the best power for a given error « is given by:

e L(t | Hy)
L(t| Hp)'
The ratio r is called likelihood ratio for the Hy and H; hypotheses. If one thinks of H

(6.13)
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a(t)

cut t

Figure 6.9: [llustration of the hypothesis test. The cut 7.y defines the two errors of first ()
and second (B) kind; if ¢ > r.yt, Hy is rejected with the probability @ but it is true, while 7 < eyt
corresponds to reject H; when it is true.

as the background-only hypothesis and to H; as the signal + background hypothesis, the
likelihood ratio corresponds to the test statistics which gives the highest probability to
reject the background-only hypothesis when there is an actual signal present.

The level of compatibility of the observed data with the background-only hypothesis
can be quantified by computing the p-value which is the probability that, by repeating
the experiment under the assumption Hy, one obtains a disagreement equal or larger
than the one found. The p-value for Hj is defined as:

(o)

po= [ sty (6.14)
Tobs
One can regard the hypothesis as excluded if its p-value is observed below a specified
threshold. In particle physics the p-value is often translated into a quantity called
“significance”, defined such that a Gaussian distributed variable with Z standard deviations
above its mean has an upper-tail probability equal to p [193]. That is:

Z=0""(1-p), (6.15)

where ®~! is the inverse of the cumulative distribution of the standard Gaussian. In
case of a search analysis aiming for a discovery, the background hypothesis has to be
rejected with a significance of at least Z = 5¢- (that corresponds to a p-value threshold of
2.87-1077). For purposes of excluding a signal hypothesis, a threshold p-value of 0.05
(i.e., 95% confidence level) is often used, which corresponds to Z = 1.64. A representation
of the p-value and the relation between the p-value and the significance Z is given in
Figure 6.10.
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g(tiH)

p-value

(@ (b)

Figure 6.10: (a) Illustration of the relation between p-value obtained from an observed
value of the test statistic t. (b) The standard Gaussian ¢(x) showing the relation between the
significance Z and the p-value.

6.6.2 Global profile likelihood procedure in the VH, H — bb analysis

The statistical analysis of the data collected in the VH, H — bb analysis uses a binned
likelihood function to extract the normalisation factor of the signal process. A likelihood
function is the probability to observe the measured data given a certain hypothesis. In
the VH,H — bb analysis, the hypothesis is represented by the presence or not of the
VH,H — bb signal which is expressed by the parameter of interest (POI) of the signal
strength:

exp
VH,H — bb
=" (6.16)
oM i
VH,H — bb
where o-f/’;p o 1S the measured experimental cross section of the VH, H — bb process
M

and o _ is its theoretical prediction in the SM. A value of x4 = 0 corresponds to

the ba‘/cqligrgtbllrjld-only hypothesis while u = 1 coincides with the production of a SM
Higgs boson in the H — bb decay channel. The best estimate of the signal strength u
is determined by maximising the likelihood or, equivalently, minimising its negative
logarithm. The +10 uncertainty on u is defined by determining the points in which the
negative logarithm of the likelihood increases by 0.5 with respect to the minimum value.
The data in each bin of each distribution entering the fit follow a Poisson probability
distribution around their expected number of events and the likelihood function for all

the bins and regions can be written as:

reg bins;

o =[ [[ 155 ws,,+bu> R (6.17)

where n;; is the number of data events and s;; (b;;) is the number of expected signal
(background) events in the i bin of the fitted distribution in region j.
Systematic uncertainties, which encode the imperfect knowledge on the signal and
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background predictions (from Section 6.7 to Section 6.10) and of the description of
the physical objects (see Section 6.11), are incorporated in the likelihood through a set
of parameters 6 called nuisance parameters (NPs). The NPs parametrise the effect of
each source of uncertainty on the template distributions of the signal and backgrounds.
Varying the values of the NPs, both the shape and the normalisation of the templates are
modified giving the fit model more freedom to find the best agreement between data and
MC prediction and determining the uncertainty on the NPs.

Each systematic uncertainty is added to the likelihood through a function f(6,|6), which
encodes the central value 6, of the associated NP and its uncertainty o. In this way, the
binned likelihood defined in 6.17 gets modified as follows:

reg bins; n. systs

(usi (@) +bi ()" ovep ~
Loy =[ [ - S s @by ) ]:[ F(OulGo). (6.18)
J i
Typically, a Gaussian term is chosen as function f(6|f), such that:
n. systs —@-0)%
Gauss(6|0) = e i, 6.19
0o =[] - (6.19)

k=1
where §; is the central value of the Gaussian and, by convention, is set to §; = 1 for the
normalisation NPs and to 6, = 0 for all the others. The prior uncertainty o on the NP
(can be a theoretical uncertainty or the uncertainty associated to the jet energy scale)
is typically derived from auxiliary measurements and acts as a penalty against large
deviation from the a priori central value §. Although the Gaussian distribution is most
commonly assumed as prior, other functional forms such as the log-normal or the gamma
function could be more suitable in other cases.

The nuisance parameters are fully determined by the fit. In case the data is not
particularly sensitive to a given systematic, the Gaussian constraining term ensures that
its central value stays at 0 and its uncertainty is dominated by its prior. On the other hand,
the fit could shift (“pull”) the central value of the nuisance parameter to help the fit find a
better data-MC agreement. A pull is usually accompanied by a reduction (“constraint”) of
the uncertainty of the NP. The opposite case, when a NP appears more weakly constrained
than the initial prior, is not a physical result and needs to be further investigated as it can
indicate problems in the definition of the fit parameters or a consequence of numerical
limitations of the fit.

Finally, the statistical uncertainty of the Monte Carlo templates of both signal and
backgrounds is also incorporated in the fit. Following a simplified version of the approach
used by Barlow and Beeston [194], 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.

From Equation 6.13, the most powerful test statistic to exclude the background-only
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hypothesis can be written as:

L(“’o)}, (6.20)

L(2,0)

and it is referred to as “profile likelihood ratio”. The values 2 and 8 are those that maximise

qu=-2InA(u) = —ZIn(

the likelihood (unconditional maximum likelihood) and 8 are the nuisance parameters
values that maximise the likelihood for a given u (conditional maximum-likelihood). A
value of ¢, near 0 implies good agreement between data and the hypothesized value of 4
while for higher values of ¢, their incompatibility increases. To quantify the level of the
disagreement one can compute the p-value:

Pu= f S(gu | dgy, (6.21)

Gu,obs

with g, s, the value of the test statistic ¢, observed in data and f(q, | n), the p.d.f. of
gu under the assumption of the signal strength p. Wilks theorem [195] assures that the
p.d.f. f(g, | ) asymptotically tends towards a y? distribution with a number of degrees of
freedom equal to the difference between the dimensionality of the numerator and the
denominator in Equation 6.20. Thus, in the case with u = 0, g, has a y? distribution
with one degree of freedom:

111
2 V2r Va

This means that, following the demonstration in Ref. [193] and combining the result with

[SIEY

el (6.22)

1
f(qo10)= 55(%) +

Equation 6.15, the significance can be written as:

Zo =07 1(1-po) = Vqo. (6.23)

A p-value of 1.35x 1072 corresponds to a 3¢ deviation from the background-only model
and it is used as a benchmark to claim “evidence” of the signal. A p-value of 2.87 x 10~/
corresponds to a 5¢0- deviation from the background-only model, and is generally used as
the benchmark deviation required for “discovery” of a signal in high energy physics. In
case no hint of a signal is found in this procedure, the CL; method [193,196] is used to
derive exclusion intervals.

6.6.3 Experimental sensitivity and the Asimov dataset

Before doing the actual measurement one wants to determine at which confidence level
the background-only hypothesis is expected to be excluded. This is an important step
in order to design the analysis and quantify the effect of possible improvements. To
evaluate the expected exclusion of the background-only hypothesis one would need to
use a very large number of MC events and look at the median significance obtained from
these measurements. However, this is very expensive in terms of computational time
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medd, ]
() f(a,I0)

3 /

p-value

f

Figure 6.11: Illustration of the p-value corresponding to the median of the test statistic g,
assuming an alternative hypothesis with z’.

and complexity. Thus, an alternative method is to use approximate formulas which hold
in the limit of very high statistics samples, using an extension of the Wilk’s theorem
formulated by Wald [197]. Generalizing Equation 6.21, the expected p-value is defined
as:

Pu= f Slqu 1 gy, (6.24)

Qu.exp

where f(q, | p) is the p.d.f. of the test statistic g, and g, .., is the median of the p.d.f.
for an alternative signal strength u’ where y’ # 0:

Qu.exp = med[f(% |ﬂ,)] (625)

This is summarised in Figure 6.11.
The p.d.f. of f(g, | #') can be found using the result by Wald which states that, in case
of a single parameter of interest:

. X a2
gy = —2In () = —2(ln(L(,u,9)) —ln(L(ﬁ,O))) - (‘%) +O(—), (6.26)

1
VN
where N represents the data sample size and g follows a Gaussian distribution with
mean y’ and standard deviation o. Neglecting the O(\LW), one can show that ¢, follows a
non-central y? distribution for one degree of freedom.

With this assumption, one can replace the MC toy experiments with a single repre-
sentative Asimov dataset such that, when it is used to evaluate the estimators for all the
parameters of the likelihood, one obtains the expected parameter values. The estimators
of the parameters that maximise the generic likelihood in Equation 6.18 can be found by
setting the derivative of ¢, in Equation 6.26 with respect to all the parameters equal to
zero. But this condition is satisfied only if all the parameters of the Asimov dataset (u, 6)
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are identical to their expectation values. This means that the Asimov not only follows
the probability density function for a specific ¢’ but, when computing its parameters,
gives the median of the test statistic by construction.

The remaining point is the calculation of the uncertainty on  which can not be calculated
analytically, as it depends on the nuisance parameters 6. Considering Equation 6.26 for
the Asimov dataset, which for a signal strength u’ gives i = ¢/, one finds:

. \2
Gun = 21 440 ~ L (6.27)
A
and inverting this equation, the variance o4 is:
s (=)’
Oy =—". (6.28)

9u.A

For the interesting case of the discovery where the u under test is u = 0, the previous
Equation reduces to:
’u/2

qu.A

ol = (6.29)

The median significance is than obtained evaluating Z as a function of the median test
statistic. Combining Equation 6.15 and Equation 6.25, one can show that the significance
Z is a monotonic function of g, so that the median Z can be evaluated directly from the
median of ¢,. Following Equation 6.23 the median Z for a u’ # 0 is:

med[Zy | (/'] = Vqo.a. (6.30)
6.6.4 Correlations

When constructing the likelihood it is possible that two NPs, 6; and 6;, have a similar effect
on a particular region or MC template and, therefore, become correlated. In the case of a
high statistics sample, the expected values of the likelihood’s parameter estimators are
equal to their true value, meaning that the estimators are unbiased. According to the
Cramer-Rao inequality [198], the variance of an unbiased estimator & obeys the following
inequality:

1

82InL
E [_ 396y ]
where the denominator is called Fisher information matrix or Hessian matrix. For unbiased

estimators, it is possible to replace the mean of the second derivative with the second
derivative evaluated at the estimator central value, so that the Hessian can be rewritten

Var[0] > (6.31)

as:

2 2
:E[ 0 lnL] 0“InL (6.32)

T 00,0, | 00,6,

0=0
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and extensively:

Pl WL . Pl
36100, 36,00, 36106,
H=-| : SRR (6.33)
PInL Pl . 9*InL
30,00, 36,00, 36,06,

6.6.5 The fit model of the VH, H — bb analysis

The fit model is defined by the variable used as discriminant in each fitted region, the
list of systematic uncertainties that are added as nuisance parameters, and the way they
are correlated across the regions for the signal and background templates.

The VH, H — bb analysis, as well as the VZ,Z — bb and the di-jet mass analyses, is split
in three lepton channels, depending on the number of leptons in the final state. For each
lepton channel, three p‘T’ regions are defined: medium for 75 < p¥ <150 GeV only in the
2-lepton channel, high for 150 < pY <250 GeV and extreme for py > 250 GeV. Each pJ
region has one signal region, one Low-AR CR , and one High-AR CR for each jet category,
2-jet and 3-jet. In the signal regions, the BDTyy (BDTy7) and the m,, distribution are
used as fit discriminants for the VH,H — bb (VZ,Z — bb) and the di-jet mass analyses,
respectively. The Low-AR CR and High-AR CR have a single bin, therefore, only the yield
of the MC templates enter the fit. However, each p\T’ bin and jet category has two one-bin
CR which is equivalent to fit p‘T’ with the CRs as bins. Studies have been performed by the
author of this thesis to demonstrate the advantages of choosing p¥ (EITIliss in the 0-lepton
channel) as fit discriminant and details will be given in the next paragraph of this section.

Template distributions for the VH, H — bb (VZ,Z — bb) signal and all backgrounds are
extracted from MC simulation in all the regions in which the analysis is categorized,
with the exception of the multi-jet background in the 1-lepton channel, and the 77 and
single-top backgrounds in the 2-lepton channel, whose templates are extracted through
a data-driven approach described in Section 6.10.

A summary of the regions and the respective fit quantity, the BDT distribution or the
yields, is reported in Table 6.9.

The full list of systematics uncertainties entering the fit model and the procedure
used to derive them are extensively treated in the next section. In general, two types of
parameters are considered: unconstrained normalisation factors, which change the nor-
malisation of the nominal templates, and constrained nuisance parameters (acceptance
and shape uncertainties, per bin systematic to account for the MC statistical uncertainty),
that have a prior on the NP distribution added as Gaussian (or log-normal) term inside
the likelihood (see Equation 6.18).

p¥ variable as fit discriminant in the control regions In the H — bb observation
analysis, the shape uncertainty on the W+jets background was found to have the largest
impact on the total uncertainty on the signal strength. This was evaluated using the
so-called ranking method, which consists of re-evaluating u after fixing the NP relative
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Table 6.9: Summary of the regions included in the fit with the respective fitted quantity.

Signal or control regions

Channel py region Low-AR CR | Signal region | High-AR CR
2-jets | 3-jets | 2-jets | 3-jets | 2-jets | 3-jets
14
0-lepton 150 GeV < py <250 Gev yields BDT yields
py >250 GeV
14
1-lepton 150 GeV < pp <250 GeV yields BDT yields
py >250 GeV
75 GeV < pY < 150 GeV
2-lepton | 150 GeV < pY¥ <250 GeV yields BDT yields
py > 250 GeV

to the systematic under test to its best fit value § and varying it by +1o, with o its fitted
uncertainty. All other parameters are left free floating to account for correlations. The
difference between the nominal x and the new u value, Ay, is used as an estimate of the
impact of the systematic uncertainty. The higher the difference, the larger the impact of
the systematic.

Figure 6.12 shows the nuisance parameters ranking of the observation analysis where
it can be observed that the shape uncertainty on the W+jets p‘T’ distribution is the first
ranked systematic.

To reduce the impact of this systematic on the total uncertainty on the signal strength,
studies were performed in the 1-lepton channel, having the largest W+jets contamination,
adopting the same integrated luminosity, event selection and categorization used for
the observation paper:

« proton-proton collision dataset of 79.8 fb~!;
« no split at py =250 GeV but a single pY > 150 GeV region;

 asingle W+hf CR, with a purity of 80% (75%) in the 2-jet (3-jet) categories, built
applying a cut on my,;, <75 GeV, to remove the contamination from signal events,
and a cut on m,, > 225 GeV to remove a large fraction of the 77 background.

Two p¥ shape systematics, one for each jet category (2-jet and 3-jet), were derived in
the 1-lepton channel using a first order polynomial fit to the ratio between the nominal
and the alternative generator. These were treated as uncorrelated across all analysis
regions due to the different order of calculation of the nominal and the alternative
generator; NLO up to two extra partons for SHERPA 2.2.1, and LO for 0-4 extra partons
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Figure 6.12: Impact of systematic uncertainties on the best fit value of the signal strength for
the observation analysis. The systematic uncertainties are listed in decreasing order of their
impact on u. The boxes show the impact of the nuisance parameter on the total uncertainty,
Au, and the hatched and open areas correspond to the up and down variations, respectively.
The black dots correspond to the deviation of the nuisance parameters from their nominal
values (pulls) and the associated error bars correspond to their post-fit uncertainties. It
can be seen that the nuisance parameter associated to the W+jets p‘T’ shape has the largest

impact on the total uncertainty

[13].
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for MADGRAPH 5. This implies that the uncertainty derived in the 3-jet category only
compares the LO calculations of the two generators. Moreover, the 3-jet category has
much more statistical power with respect to the 2-jet one, meaning that it has more
constraining power on the normalisation of the W+jets background.

Figure 6.13 shows the comparison between the W+hf CR in the 1-lepton, 2-tag, 2-jet
and 3-jet regions when using a one-bin only BDTy 4 output as in the observation analysis,
and the binned py distribution.
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Figure 6.13: Figures (a) and (b) show the W+hf CR in the BDTyy output for the 2-jet and 3-jet
categories, respectively [13]. Figures (c) and (d) show the W+hf CR with the p¥ distribution
as discriminant in the 2-jet and 3-jet categories, respectively. It has to be noticed that the
W+hf CR in the BDTyy output is fitted using the signal strength u obtained from a combined
fit to the three channels, while the W+hf CR in the p¥ shape has been fitted with the u
obtained from a standalone 1-lepton fit.

An improvement of 8.6% in the expected significance in the 1-lepton channel was
estimated when using the binned p¥ distribution in the W+hf CR instead of the simple
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yield. Moreover, the impact of the W+jets p‘T’ shape systematic on Ay, evaluated by
the nuisance parameter ranking method, dropped from +0.16 to +0.06 and only the p¥
shape in the 2-jet region appears as the third ranked systematic, as shown in Figure 6.14.
To evaluate the impact of the W+jets modelling on the total uncertainty on the signal
strength, the so-called breakdown method was used, which consists of evaluating
the uncertainty of 4 without a systematic (or a group of systematics) uncertainty and
subtracting the resulting error quadratically from the full error obtained with all the
systematics. With this method, a significant drop in the impact of the W+jets modelling
on Au was observed, from 0.142 to 0.082.

Ap
-0.2 -0.1 0 0.1 0.2
LA L L L B I B B L \‘
WhfSR_T2_L1_distmva_J2_bin_14 E V % | “.."
Single top acceptance (Wt—other) - /‘.ﬁ { H ‘
alpha_SysWPtV_J2_L1 {
2
c-jet tagging efficiency 0 : { @ :,/ /jll : ‘
WhiSR_T2_L1_distmva_J2_bin_13 % J L
: [ :
c-jet tagging efficiency 1 - | @ g ' ‘
VH acceptance (PS/UE) ; é ;
b-jet tagging efficiency 1 H 7'/ A ' ‘
i E % :
o7 . { 777® ;
WhSR_T2_L1_distmva_J2_bin_12 ' A 'Y ‘
/) '
VH acceptance (QCD scales) 2 @ :
. H
alpha_SysWbbNorm_DWhfSR z ® 4 ‘
WhiSR_T2_L1_distmva_J3_bin_14 % ‘ o
H A H
Single top t-ch. acc. : g ' ‘
WhfSR_T2_L1_distmva_J2_bin_11 H L]
Vs =13 TeV —0— Pull: 3-6,)/A8
, ——S—— Normalisation
79.8 fb [////] +1o Postfit Impact on u
m,=125 GeV [ -1o Postfit Impact on p
Lo b b o b b b

-1.5 -1 -0.5 0 0.5 1 15

Figure 6.14: Impact of systematic uncertainties on the best fit value of the signal strength
when using the binned p‘T’ distribution in the W+hf control region. The systematic uncer-
tainties are listed in decreasing order of their impact on u. The boxes show the impact of the
nuisance parameter on the total uncertainty Au and the hatched and open areas correspond
to the up and down variations, respectively. The yellow bands indicate the impact of the
nuisance parameters before the fit was performed. The black dots correspond to the deviation
of the nuisance parameters from their nominal values (pulls) and the associated error bars
correspond to their post-fit uncertainties. It can be seen that only the nuisance parameter
associated to the W+jets p¥ shape in the 2-jet region appears in the ranking plot at the third
position. Also, its contribution on the total uncertainty Au has dropped to +0.06.
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6.7 Modelling Uncertainties

As seen in Section 6.2, the Monte Carlo generators used to simulate a specific process can
differ for the modelling of the matrix element, the parton shower or the underlying event.
The choice of a certain Monte Carlo generator instead of another can lead to differences
in the final result. Therefore, an associated systematic uncertainty on the MC template
of each background process is obtained by comparing the chosen nominal prediction to
the alternative models, in order to quantify the variance of the differential cross-section,
or the kinematic shapes. The modelling uncertainties can be divided into normalisation,
acceptance and shape uncertainties.

6.7.1 Normalisation Uncertainties

The normalisation uncertainties are global values that change the normalisation of the
MC template for a specific process in all regions of the analysis. The normalisation factors
(NF) associated to the major backgrounds of this analysis, V+jets and 7, are left free
floating in the fit and are controlled by unconstrained NPs. Each NF is typically derived
from an analysis region enriched in a particular background sample, such as a CR, and
it is extrapolated to the other analysis regions through acceptance uncertainties. On
the other hand, the normalisation associated to smaller samples, such as diboson or
single-top, is controlled by constrained NPs that implement the theoretical knowledge
on the respective cross sections.

6.7.2 Acceptance Uncertainties

The acceptance uncertainties are necessary to account for possible migration of the
events among different analysis regions due to the choice of the generator. These are
calculated as double-ratios defined as:

Acceptance[Region, (nominal MC)] /Acceptance[RegionA(alternative MOQO)] (6.34)

Acceptance[Regiong(nominal MC)] [ Acceptance[Regiong(alternative MC)] ’

where Region, (Regiong) is the yield of the nominal or alternative MC in the region
A (B). In the case the variation originates from a change of the renormalization and
factorization scales, the envelope is taken. In case different PDF sets are used, the one
giving the maximal variation is considered. When a completely different generator is
used, the difference with the nominal is taken. The total uncertainty is then calculated
as the sum in quadrature of all these contributions.

The NPs associated to the acceptance uncertainties are implemented in the fit through
Gaussian (or log-normal in some cases) constraining terms, as defined in Equation 6.19.
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6.7.3 Shape Uncertainties

These uncertainties account for the variation in the shape of the kinematic distributions
of the signal and the background due to the different prediction of the MC generators.

The shape uncertainties for the Z+jets, single-top and diboson backgrounds are derived
on the most important kinematic variables entering the analysis-BDT, p‘T’ and my,, as they
were found to sufficiently cover the differences between MC generators on the analysis-
BDT discriminant. A fit to the ratio between the nominal and the alternative generator
is performed in all analysis categories and if the shapes are found to have similar impact
on the distribution, then the largest variation is taken to keep a conservative approach.
For W+jets and ¢7, a BDT-based reweighting technique is exploited to discriminate be-
tween the nominal and the alternative generators, making use of all the kinematic
variables entering the final analysis-BDT discriminant. The reason way a BDT-based
reweighting procedure is employed lies in the fact that, due to the limited computational
resources, the alternative sample typically contains fewer events with respect to the
nominal. This means that fitting the alternative generator through the analysis-BDT,
which would be the “natural” approach to derive a shape uncertainty accounting for the
differences between two generators, can give rise to statistical fluctuations which might
be difficult to smooth out with some parametric fit function.

More details on the 1-dimensional and multi-dimensional reweighting procedures are
given in the following paragraphs.

1-dimensional Parametrisation The phase space of the VH, H — bb analysis can be
described by a set of kinematic variables x = (xy, ..., x,) of dimension p and the MC predic-
tions of the nominal and alternative generators can be described by the probability density
functions p(x | MCpom) and p(x | MC,yp), respectively. In a 1-dimensional parametrization,
the p-dimensional phase space is reduced to a single dimension, R” — R, represented in
this analysis by the m;,;, or the p‘T’. The density ratio is given by:

p(X = myy/ py | MCapy)
p(x — mbb/P¥ | 1\/[Cnom)'

r(xX = my,/py) = (6.35)

This is shown in Figure 6.15; the input space for each MC prediction is projected into a
single observable O = p‘T’ or my,;, and the ratio of the two distributions is used to construct
a shape uncertainty. This is then used to reweight all events produced by the nominal
MC generator. The density ratio is typically derived from binned distributions of the
observable, however, due to the limited available number of events for the alternative
MC samples, it is preferred to perform a parametric fit to the unit-normalised® density
ratio in order to smooth out the statistical fluctuations.

It would be natural to extend the 1-dimensional reweighting to a multi-dimensional
reweighting in which each dimension is represented by a kinematic variable. However,

The unit-normalised ratio allows to remove all the differences between nominal and alternative prediction
in terms of normalisation.
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Figure 6.15: Illustration of the systematic uncertainty derived from the comparison between
nominal and alternative differential cross-section in the observable O; (a) shows the two
MC predictions binned along with the ratio and (b) shows how a parametric fit (black solid
line) is used to smooth the binned ratio. This ratio is then used to reweight all the kinematic
variables describing the phase space of the analysis.

due to the limited number of events in the MC samples, it would not be possible to
populate each cell of the multi-dimensional representation with a sufficient number of
events without being subjected to statistical fluctuations.

This criticism is solved by the “BDTr” p-dimensional parametrization, described in the
next paragraph, which gives an approximation of a multi-dimensional phase space.

BDTr p-Dimensional Parametrisation The main problem behind the 1-dimensional
parametrization is its inability to capture the correlations among all the kinematic
variables describing the analysis phase space. But even if it was able to capture these
correlations, it is not guaranteed that the density ratio obtained in a given variable
would be able to cover the differences between the generators in another variable. This
information is lost during the R” — R dimensional reduction. An example of this is shown
in Figure 6.16 where the W+jets distributions of the m,,;, and p‘T’ variables are shown in the
1-lepton channel; the red histogram corresponds to the nominal prediction by SHERPA
2.2.1, while the blue histogram corresponds to the alternative one by MADGRAPH 5. Both
distributions are normalised to one, therefore, they are shown in arbitrary units “a.u”.
The ratio between the two distributions is performed with the alternative prediction
as numerator and the nominal prediction as denominator. The shape uncertainty is
derived fitting a functional form to the unit-normalised ratio in blue in the bottom panel,
and then converting the fit function into a binned distribution to be compatible with
the format used in the fit framework. The green and violet histograms in the bottom
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panels in Figure 6.16 show the final shape uncertainties on the m,;, and p‘T’ distributions,
respectively. It can be seen that the p‘T/ uncertainty covers the discrepancy between
SHERPA 2.2.1 and MADGRAPH 5 on the p‘T’ distribution but not on the my; one and vice
versa. This is expected as the variables were found to be sufficiently uncorrelated in
studies conducted in Run 1 [191].

An example of how the m,;, and p‘T’ shape uncertainties are applied to one of the
distributions entering the analysis-BDT, m;,,, is shown in Figure 6.16 (c). In the top
panel, the my,, distribution for the W+jets background is shown in the 1-lepton channel
for the nominal (red) and alternative (blue) predictions. In the bottom panel, the unit-
normalised ratio between the alternative and the nominal distributions is shown with the
superimposed my,;, (green) and p‘T’ (violet) shape systematics derived with the procedure
explained above. It can be seen that neither the m,;, shape uncertainty nor the p‘T’ one are
able to cover the differences between the nominal and the alternative MC predictions.
The brown binned ratio shows the attempt to derive an additional systematic uncertainty
on my,, which was found to have no effect on the final BDT discriminant and was therefore
discarded.

To overcome this criticism and take advantage of the information from all kinematic
variables which describe the analysis phase space, the full p-dimensional density ratio
in Equation 6.35 can be calculated by a MVA technique, as demonstrated in Ref. [199].
This makes use of a one dimensional Neural Network or BDT classifier response as a
proxy of the p-dimensional density ratio. It can be demonstrated that if the response of
the classifier s(x, MCpom, MC,yr) with given predictions MCpom and MC,y; is @ monotonic
function with the density ratio in Equation 6.35, then the density ratio is invariant under
the transformation x — u = s(x, MCpom, MCyjt):

p(u | MCqyt)
p(u | MCrom)
Therefore, this parametrization allows the exact same procedure as the 1-dimensional
approach, but instead of using an observable O (with O =m,;, or p‘T’ in the 1-dimensional
procedure) one can use the classifier response s(x, MCpom, MC,¢) directly. However, it is
not guaranteed that after the multi-dimensional reweighting the nominal phase space will

r(x) — r(u) = (6.36)

look exactly like the alternative one, as this procedure only approximates a p-dimensional
phase space into a single dimension inevitably loosing some information in some corner
of the phase space. For this reason, this procedure has to be verified by the so-called
“validation tests” in which the mapped nominal sample is compared to the alternative
one and their agreement is evaluated through the y?/ng o s metric.

For simplicity, in the VH, H — bb analysis, this methodology exploits a BDT to derive
the function s(x, MCnom, MC,y) and, for this reason, the procedure is defined as “BDT
reweighting approach” (BDTr). It can be summarized in four main steps:

1. Train a BDT classifier on a set of p observables X= (O, O,...., O,) to separate the
nominal prediction, which is treated as signal, from the alternative MC prediction,
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Figure 6.16: Shape uncertainties for W+jets in the 1-lepton channel derived on my, (a) and
p¥ (b) and applied to one of the key kinematic variables of this channel, the top mass m,,
(c). In the top panel, there are the unit-normalised distributions of the variable predicted by
the nominal (red) and alternative (blue) generators. The label a.u. refers to “arbitrary units”.
In the bottom panel, the ratio is performed with the alternative prediction as numerator and
the nominal one as denominator. The violet and green lines in the bottom panel correspond
to the shape uncertainties on m,,;, and p¥, respectively. These have been derived fitting a
functional form (a polynomial of the first order in this case) to the unit-normalised ratio
of the alternative and the nominal predictions, and then converting the fit function into
a histogram. Figure (c) shows an example of how the m;;, and p‘T’ shape uncertainties are
applied to the distribution of m,,,. It can be seen that in this case, both uncertainties are
not able to cover the difference between the nominal and alternative predictions of the n,,
distribution.
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which is treated as background,;
2. Evaluate the classifier response in order to get the output function s(x, MCpom, MCyjt);
3. Derive the density ratio as in Equation 6.36;

4. Reweight the nominal MC distribution of all observables Oy, O;...., O, by the
density ratio derived from step 3.

An example of the approach is illustrated in Figure 6.17 for a p = 3-dimensional phase
space. A Neural Network (a BDT in the case of the VH,H — bb analysis) is trained
with the distributions of three input observables O;, O, and O; in order to separate the
nominal MC prediction (MCyom) from the alternative one (MC,;;) giving a single scalar
function s(x,MCpom, MC,};) as output. A systematic uncertainty is then derived through a
functional fit to the unit-normalised ratio of the two MC predictions in s(x, MCpom, MCgjt).

do
dO;

Ratio

do
O N \V/ A \V/ A U N A N -

Ratio

do
dOs3

p(s(x) | MCar)
Pp(8(x) | MCnom)

a) 03 b) c)

Ratio

Figure 6.17: The distribution of three observables O;, O, and O3 for both nominal (MCpom)
and alternative (MC,};) predictions (a) are inputs to the training of a MV analysis, a BDT in
the case of the VH,H — bb one, which gives a scalar function s(x, MCnom, MCgyj;) as output
(b). The systematic uncertainty is derived through a fit to the unit-normalised ratio between
the Monte Carlo predictions in s(x, MCpom, MCyjt) (c) and used to reweight the nominal MC
events.

Hybrid p - n dimensional parametrization As seen in Section 6.4, p¥ was chosen
as fit discriminant in the CRs. This was justified by the fact that the analysis is split
in pT bins, each of them having two one-bin CRs, which is equivalent to fit pT with
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a course binning in CR. Starting from this concept, it was decided to separate the p‘T’
shape uncertainty from the BDTr ‘mapping’ allowing the shape derived from the BDTr
procedure to encode all differences in the remaining variables of the analysis-BDT. This
is effectively a R” — R? reduction of the p-dimensional phase space into 2 dimensions.
This approach was further supported by two observations regarding the modelling of
the W+jets and 7 backgrounds to which the BDTr method is applied. In the case of the
W+jets background, the fit would have a single degree of freedom to correct for data-
MC mismodelling in all 18 analysis regions in which this background has a significant
contribution; in fact, the difference between SHERPA 2.2.1 and MADGRAPH 5 is the only
generator comparison with a difference large enough to be accounted for’. To give the fit
more freedom to accommodate for data-MC disagreement, it is convenient to define a
new shape systematic associated to the p‘T’ variable.

Concerning the 7 background, it is convenient to factorize the p‘Tf systematic to be
able to cover a known mismodelling of the data at high p¥ values; indeed, the nominal 7
generator POWHEG + PYTHIAS8 has a harder predicted p¥ spectrum than data.

The procedure for this hybrid BDTr approach is illustrated in Figure 6.18. Prior to
training the BDT classifier to separate the two MC predictions, the input space of the
nominal generator is weighted by the density ratio of a subset of the dimensions of the
input space, R c R”. In the case of the VH, H — bb analysis, n = 1 and it is represented
by the p‘T’. The density ratio on this variable is derived as:

px = pY | MCq)

rx — p}r/) = (6.37)

px— P}F/ | MCnom)’

and it is used to map the nominal input space to look like the alternative one, as shown
in Figure 6.18 (a) and (b). Afterwards, the p¥—reweighted input space of the nominal
generator and the unaltered alternative one are used to train the BDT classifier to get the
scalar function s'(x, MC"*8"d \C, ). Here the input space x includes the py. variable
which, therefore, enters the training of the classifier. The classifier response is then
used to derive a density ratio r(s’(x, MC"“18"®d Mc, ) which encodes all the remaining
differences between the nominal and alternative input spaces but, by construction, is
not able to learn anything about the p‘T’ dependence. This procedure, which from now on

will be addressed as “ p‘T’-factorized BDTr approach”, is summarised as follows:

1. Derive the p¥ density ratio r(p)

tive MC prediction. This forms the p‘T’ shape systematic;

) from the comparison of its nominal and alterna-

. . . . . V .
2. Reweight the nominal MC input space by the density ratio r(py);

"Previous studies performed by the author of this thesis have shown that both scales and PDF variations are
largely covered by the difference between SHERPA 2.2.1 and MADGRAPH 5. Example distributions are
reported in Figure B.73 and B.74 in Appendix B.6 for the largest contribution among the scale variations
(ug and pr simultaneously doubled and halved) and for 1-lepton W+jets events having p¥ > 150 GeVin
2-jet and 3-jet and for the sum of signal and control regions.



6.7 Modelling Uncertainties 161

3. Train the BDT classifier to separate the p‘T’—reweighted nominal MC prediction
from the unaltered alternative one;

4. Evaluate the classifier response for the two predictions, s’ (x, MC}'fgiﬁhted, MC,;) and
derive the density ratio between the respective classifier scores ;

5. Reweight the original nominal MC prediction by the derived r(s"(x, MC"<i80%d e 1)
density ratio, that corresponds to the BDTr shape uncertainty.

It was checked that the last step of this procedure has no effect on the p‘T’ distribution,
despite p¥ being included in the training of the classifier. This is shown in Figure 6.19
for the p¥ distribution of the W+jets background in the 1-lepton channel, 2-tag, 2-jet
region, and for p‘T’ > 75 GeV. The p‘T’ and the BDTr shape uncertainties are considered as
two separate and uncorrelated uncertainties in the fit model of the VH, H — bb analysis.

Generated Input Weighted Input Space MC
Space alt
do A do MC,,,
do; | .. dO; MC,, O, Weighted
@ ) do {IIIEMC, | O, Weighted
do; ) do:
G b
do ¥ .. 0 do o 70 - -
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Figure 6.18: The density ratio is derived from the comparison between the nominal MC
prediction (MCpom) and the alternative one (MC,};) in the observable O (p¥ in the this
analysis), as shown in (a). This is used to reweight all remaining observables of the nominal
input space as in (b) to remove whatever dependency from the observable O. The re-weighted
nominal input space and the unaltered alternative one are used to train a BDT classifier with
output s’ (x, MCpom, MC,yt) from which one can derive the BDTr shape systematic as density
ratio between the reweighted nominal and unaltered alternative MC predictions. Figure
(c) shows the resulting classifier; the filled red and dotted red distributions match those of
Figure 6.17 (b) simply to demonstrate how the MVA response of the hybrid MVA differs from
the non-hybrid one.
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Figure 6.19: The p‘T’ distribution for the W+jets background is shown in the 1-lepton chan-
nel, 2-tag, 2-jet region, and p¥ > 75 GeV. The red histogram corresponds to the nominal
prediction by SHERPA 2.2.1, while the blue histogram represents the alternative prediction by
MADGRAPH 5. The nominal SHERPA 2.2.1 prediction is first reweighted by the r(p¥) density
ratio and the outcome is the green histogram. Then, the nominal SHERPA 2.2.1 prediction,
already reweighted by the p¥ density ratio, is trained against the unaltered alternative pre-
diction by MADGRAPH 5 and the ratio between the respective classifier scores is derived. This
is used to reweight the nominal SHERPA 2.2.1 prediction (red) and the output is shown with
the magenta histogram. It can be observed that the BDTr shape systematic derived with this
procedure has no effect on the shape of the p¥ distribution, as the training was not able to
learn anything about it.
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6.8 Signal Modelling

Following the recommendations of the LHC Higgs Cross Section Working Group [163,
164, 200-202], QCD scale uncertainties of 0.7% and 25% on the cross sections of the
gq — VH (entering all lepton channels) and gg — ZH (entering only the 2-lepton channel)
processes, respectively, are obtained by varying the uz and ur independently by a factor
1/3 and 3 with respect to their original value. A value of 1.7% is used as systematic
uncertainty on the H — bb branching ratio for all VH channels. Moreover, although
the total VH cross section is calculated at NLO in EW, sizeable effects on the shape of
the p¥ distribution are expected from the EW corrections. Hence, a dedicated p¥ shape
uncertainty, one for each VH process, is extracted from the comparison between the
NLO EW corrected p\T’ distribution and the nominal prediction. Further uncertainties
are derived in the context of the Simplified Template Cross Section, illustrated in the next
Section.

6.8.1 Simplified Template Cross Section

The cross section of the VH, H — bb signal is calculated in the context of the Simplified
Template Cross Section (STXS) Framework which has been developed to maximise the
sensitivity of the cross section measurements while minimising the model dependence
of the theoretical prediction. At the same time, it provides a common framework for the
combination of measurements in different decay channels, as well as among different
experiments. The STXS bins in which the analysis is divided represents mutually exclu-
sive regions in which the cross section is measured. Different “stages” can be defined,
corresponding to increasing granularity, as explained in Ref. [203]: in stage-0 the cross
sections are measured for all Higgs boson production modes with the Higgs boson pro-
duced in the rapidity range |yy| < 2.5, in stage 1.1 each production mode is further split
according to the number of jets, the transverse momentum of the Higgs boson, or that of
the vector boson V in the case of the VH, H — bb analysis®. This is shown in Figure 6.20.
For the full Run 2 VH, H — bb analysis, stage-1.2 [204, 205] is adopted which corresponds
to stage-1.1 merged down to the five bins summarised in Table 6.10, together with the
corresponding reconstructed categories. The three processes qg —» WH, gqqg — ZH and
gg — ZH, are divided into p¥’t bins (where t stands for “truth”) using the truth level
information and the corresponding reconstructed categories are shown.

Figure 6.21 shows the migration matrices between the STXS bins, defined at truth
level, and the corresponding reconstructed categories used in the analysis and listed in
Table 6.10. Thanks to the very good resolution in the reconstructed p¥, the reconstructed
categories are dominated by their corresponding STXS bin.

However, migration uncertainties are estimated to account for event migrations across
the reconstructed p}’ and jet bins. These are derived from QCD scale variations uz and
ur, whose value is doubled or halved with respect to the nominal one.

8Stage 1.0 is identical to stage 1.1 but without the p}r’ boundaries at 75 and 400 GeV.
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Figure 6.20: Stage 1.1 bins for the VH (V — leptons) production mode. The total cross
section is split in three main processes: ¢ — WH, qq — ZH, and gg — ZH, and each process
is further split into p¥ bins with boundaries 75, 150, 250, and 400 GeV. Each p¥ bin is then
split in 0-jet, 1-jet and >2-jet categories [205].

Table 6.10: Simplified template cross-section regions and the corresponding reconstructed
analysis regions. The current analysis is not sensitive to the regions WH, p?/ ' <150 GeV
and ZH, p%’ ' <75 GeV, and their cross-sections are fixed to the SM prediction within their
theoretical uncertainties [146].

STXS region Reconstructed analysis regions
Process p¥’t interval Number of leptons p¥ interval Number of jets

WH 150-250 GeV 1 150-250 GeV 2,3

WH > 250 GeV 1 > 250 GeV 2,3
ZH 75-150 GeV 2 75-150 GeV 2,23

ZH 150-250 GeV 0 150-250 GeV 2,3
2 150-250 GeV 2,23

> 250 GeV 2,3

ZH > 250 GeV
2 > 250 GeV 2,23
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Figure 6.21: The predicted fraction of signal events (in percent) in the reconstructed event
categories (y-axis) from each STXS truth signal region (x-axis). Entries with event yield
below 0.1 or signal fractions below 0.1% are not shown [146].

Acceptance uncertainties across STXS bins are also considered and come from the
comparison of the nominal samples with their internal PDF variations or with models
with different underlying event, parton shower and hadronization (UEPS models).

Shape uncertainties on the m;,;, distribution are also considered. These are needed to
account for the PS and UE variations and the QCD scale variations. The first are estimated
from the comparison of the nominal POWHEG + MiNLO + PYTHIA8 with the alternative
POWHEG + MiNLO + HERWIG7. The second is estimated by comparing the nominal POWHEG
+MiNLO + PYTHIA8 samples to those generated with varied ug and ur.

6.9 Modelling of the W+jets background

The W+jets background is one of the most important backgrounds in the VH,H — bb
analysis. The most significant contribution is in the 1-lepton channel, however a non-
negligible contamination can be found in the 0-lepton channel as well, as shown in the
my,, distributions in Figure 6.22 for the 2-jet category in the 150 < p‘T’ <250 GeV bin. It is
absent in the 2-lepton channel which is dominated by the Z+jets background.

The W+jets background, as well as the Z+jets one, can be divided into three main
components based on the flavour composition of the event. To identify the flavour of the
signal jets, the following procedure is performed:

1. if a b-hadron is found within a cone of AR = 0.3 centred along the jet axis, the jet is
labelled as a b-jet;

2. if a jet is not b-labelled and a c-hadron is found within a cone of AR = 0.3 centred
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Figure 6.22: m,,;, distributions in the three analysis channels in the 2-jet, 150 < p¥ <250
GeV category. It can be seen that the W+jets background is mainly present in the 1-lepton
channel as well as in the 0-lepton channel with a smaller contribution. It is absent in the
2-lepton channel which is dominated by the Z+jets background [146].
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along the jet axis, the jet is identified as a c-jet;
3. if ajet is not identified as a b-jet or a c-jet, the labelling hypothesis of 7-jet is tried;

4. if a jet is neither a b-jet, a c-jet, nor a r-jet, then it is labelled as a I-jet.

The events are then classified according to the flavour pair: W + heavy flavours (W+hf),
which includes W + bb, W + bc, W +cc and W + bl, then W +cl and W + 1. Table 6.11 shows
the relative composition of the four processes entering the W+hf definition in the 0-
lepton and 1-lepton channels and for all the analysis regions, inclusively in p‘T’. It can be
seen that the dominant contribution, after applying the event selection and the b-tagging
requirement of 2 b-tagged jets, is represented by the W + bb process which has the exact
same final state as the VH, H — bb signal.

Table 6.11: The fractional contribution of each W+hf sub-processes to the total W+hf yields
in all analysis regions of the 1-lepton and 0-lepton channels.

1-lepton
2 jet 3jet
Process || Low-ARCR | SR | High-ARCR || Low-ARCR | SR | High-AR CR
W +bb 0.93 0.89 0.77 0.94 0.90 0.77
W +bc 0.03 0.07 0.15 0.03 0.05 0.13
W +bl 0.01 0.01 0.03 0.01 0.02 0.05
W +cc 0.03 0.03 0.05 0.03 0.03 0.04
0-lepton
W +bb 0.94 0.78 0.90 0.94 0.79 0.91
W + bc 0.02 0.10 0.05 0.02 0.10 0.04
W + bl 0.01 0.09 0.03 0.01 0.07 0.02
W +cc 0.03 0.03 0.02 0.03 0.04 0.03

The W +cl and W + [ components are strongly suppressed by the b-tagging requirement
and compose less than 1% of the total W+jets background in all analysis regions.

6.9.1 Normalisation and acceptance uncertainties

All normalisation and acceptance uncertainties on the W+jets process were derived in
the 0-lepton and the 1-lepton channels from comparisons of different MC generators
and their parameter variations, and using fully reconstructed events.
To exploit the large number of events in the W+jets sample, a separate floating nor-
malisation is adopted for the 2-jet and 3-jet categories. The main constraint on these
normalisations comes from the Low-AR CR which is enriched in W+jets events, as shown
in Figure 6.23 for the 2-jet and 3-jet categories in the 1-lepton channel.

Due to the very small contribution of the W + ¢/ and W +/ components to the total
W+jets background, a single normalisation uncertainty is defined for each component.
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Figure 6.23: Background composition in the 1-lepton 2-tag, 2-jet (a) and 1-lepton 2-tag,

3-jet (b) Low-AR CR . It can be observed that the W+jets background is the dominant
contribution.

The W+jets floating normalisations in the 2-jet and 3-jet regions are extrapolated from
the control regions to the signal region of the 1-lepton channel and to the signal region
of the 0-lepton channel via acceptance uncertainties, as explained in Section 6.7. A
scheme explaining the procedure is reported in Figure 6.24.

1-lepton channel 2-jet (3-jet) O-lepton channel 2-jet (3-jet)

(Low-AR CRJ [High-AR CR]
1%11/.“» -

Figure 6.24: Scheme showing how the acceptance uncertainties are extrapolated to the
analysis regions and the 0-lepton channel. An uncertainty controlling the migration effect
across the analysis regions in the 1-lepton channel is calculated for each jet category in the
Low-AR CR and High-AR CR and extrapolated to the SR. In addition, an uncertainty on the
ratio of the yields between the 0-lepton and the 1-lepton channel is calculated for each jet
category on the full Low-AR CR + SR + High-AR CR phase space of the 1-lepton channel
and extrapolated to the 0-lepton SR.

The acceptance uncertainties are calculated as in Equation 6.34 and the final uncer-
tainty is defined by summing in quadrature the following contributions:

» the envelope of the effect of varying the renormalization and the factorization
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scales;

« the maximal variation between the nominal SHERPA 2.2.1 sample and the one
obtained by choosing an alternative PDF-set;

« the difference between SHERPA 2.2.1 and MADGRAPH 5 predictions.

Two acceptance uncertainties are considered:

1-lepton — O-lepton An uncertainty on the ratio of the yields between the 0-lepton
and the 1-lepton channel is calculated separately in the 2-jet and 3-jet categories and on
the full Low-AR CR + SR + High-AR CR. It is obtained as a double ratio (see Equation 6.34)
by comparing the nominal SHERPA 2.2.1 sample with its internal scale and PDF variations,
and with the alternative MC prediction by MADGRAPH 5. The full breakdown of variations
entering the final uncertainty is reported in Table 6.12. The variations called PDF13000
and PDF25300 correspond to the up and down variations, respectively, obtained when
changing the PDF-set. However, only the maximal variation of the two enters the final
uncertainty; in this case the up variation given by PDF13000 is taken. A conservative
uncertainty of 5% is applied to the 2-jet and 3-jet categories of the 0-lepton channel as
the stringent constraint is coming from the 1-lepton channel, due to the dedicated W+hf
control region. This uncertainty is dominated by the effect of changing MC prediction
from SHERPA 2.2.1 to MADGRAPH 5.

Table 6.12: Systematic uncertainties on the ratio of yields between the 0-lepton and the
1-lepton channel calculated on the full Low-AR CR + SR + High-AR CR /SR phase space and
separately in the 2-jet and 3-jet categories. The terms ug and u are the variations induced
by doubling or halving the renormalization or factorization scales one at the time. The term
ug + up corresponds to the variation produced when doubling or halving both scale variations
together. The term PDF MAX corresponds to the maximal variation between PDF13000 and
PDF25300. In this case, PDF MAX is given by PDF13000 and it is the only PDF variation
entering the final uncertainty. The term SH vs MG indicates the comparison between the
two MC predictions where SH stands for SHERPA 2.2.1 while MG stands for MADGRAPH 5.

Systematic 2j: SR+ Low-AR CR + High-AR CR | 3j: SR + Low-AR CR + High-AR CR

UR +0.0/-0.0 % -0.8/+0.5%

U +0.2% +0.2/-0.1%

UR t UF -0.2/+0.1 % +0.5/-0.8 %
PDF13000 0.6 % F0.4 %
PDF25300 0.8 % 0.7 %
PDF MAX 70.6 % F0.4 %

SH vs MG -2.9/-29% -0.9/-0.9 %
Final uncertainty +2.9% +1.2%

[Low-AR CR, SR, High-AR CR] Migration This uncertainty controls the migration
effect of the W+jets events from the Low-AR CR and the High-AR CR to the SR. As
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explained in Section 6.7, the shape uncertainties of the W+jets background are estimated
using the p‘T’—factorized BDTr approach which defines two shape uncertainties, one
for p‘T’ and one encoding all the differences between SHERPA 2.2.1 and MADGRAPH 5
on the remaining kinematic variables describing the analysis. The latter, called BDTr
shape uncertainty, already induces yield migration effects from the CRs to the SR when
modifying the shape of the nominal MC prediction.

However, to increase the degrees of freedom that the fit can manipulate to adjust the
data-MC agreement, it was decided to consider only the shape effect of the BDTr shape
uncertainty and to define a new NP, applied to the Low-AR CR and the High-AR CR,
to control the yield migration to the SR. The prior on this NP is taken as the sum in
quadrature of the difference between SHERPA 2.2.1 and MADGRAPH 5 plus the differences
in the scale and PDF variations (scales and PDF are added for completeness as the effect
is fully dominated by the SHERPA 2.2.1 versus MADGRAPH 5 comparison) as shown in
Table 6.13.

Table 6.13: Systematic uncertainties on Low-AR CR /SR and High-AR CR /SR extrapolation
for W+hfin the 1-lepton channel. The terms uz and ur are the variations induced by doubling
or halving the renormalization and the factorization scales one at the time. The term ug +
ur corresponds to the variation produced when doubling or halving both scale variations
together. The term PDF MAX corresponds to the maximal variation between PDF13000 and
PDF25300. In this case, PDF MAX is given by PDF13000 and it is the only PDF variation
entering the final uncertainty. The term SH vs MG indicates the comparison between the
two MC predictions where SH stands for SHERPA 2.2.1 while MG stands for MADGRAPH 5.
The prior on the NP which controls the yield migration is taken from the sum in quadrature
of the difference between SHERPA 2.2.1 and MADGRAPH 5 and the contribution of the ug + ur
and PDF variations (for both 0-lepton and 1-lepton channels) .

Systematic 2j: SR/Low-AR CR | 2j: SR/High-AR CR | 3j: SR/Low-AR CR | 3j: SR/High-AR CR

UR +2.7/-2.2% -1.3/+1.2% +4.5/-3.7% -24/+2.2%

Ur -0.1/+0.0 % -0.4/+0.3 % -0.4/+0.3 % +0.0/+0.0 %

UR T uF -2.3/+2.3% +1.6/-14% -3.5/+4.1% +2.2/-2.3%
PDF13000 +0.2 % F0.1 % +0.1 % +0.0 %
PDF25300 70.0 % F0.2% +0.0 % 70.1%
PDF MAX +0.2 % F0.1 % +0.1 % +0.0 %

SH vs MG +7.3/+7.3% -14.8/-14.8 % -3.7/-3.7% -6.6/-6.6 %
Final uncertainty +7.7 % +14.9 % +5.6 % +7.0%

This approach is justified by the fact that the yield migrations induced by the BDTr
shape uncertainty are compatible with those derived from the double ratio between
SHERPA 2.2.1 and MADGRAPH 5, as shown in Table 6.14.

Concerning the shape, the NP associated to the BDTr shape uncertainty is implemented
so that only the change in shape is considered. The relative sign of the assigned prior
on the Low-AR CR , SR and High-AR CR boundaries is taken from the net migration
effect observed when applying the BDTr shape uncertainty. This is done so that the sign
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matches the “direction” induced by the BDTr shape uncertainty. Indeed, a monotonic
trend is observed from Low-AR CR to High-AR CR (see Table 6.14).

More details on the choice of decorrelating the normalisation effect of the BDTr shape
systematic from the shape one will be given in Section 6.13.

Table 6.14: Migration effects from the Low-AR CR to the SR and from High-AR CR to the SR
induced by the BDTr shape uncertainty (BDTr-rw) compared to the acceptance uncertainty
obtained as a double ratio between the nominal SHERPA 2.2.1 (SH) and the alternative
MADGRAPH 5 (MG).The prior on the NP which controls the yield migration is taken from
the sum in quadrature of the difference between SHERPA 2.2.1 and MADGRAPH 5 and the
contribution of the ug + ur and PDF variations (see Table 6.13). The relative sign of the prior
is taken from the monotonic net migration induced by the BDTr shape uncertainty on the

first row (for both 0-lepton and 1-lepton channels).

0-lepton
Systematics || 2j: SR/Low-AR CR | 2j: SR/High-AR CR | 3j: SR/Low-AR CR | 3j: SR/High-AR CR
BDT-rw -7.3% +15.7% -2.7% +6.7%
SH vs MG +11.1/+11.1% -14.8/-14.8% -0.3/-0.3% -4.8%/-4.8%
1-lepton
BDT-rw -10.1% +21.5% -1.4% +9.5%
SH vs MG -7.3/+7.3% -14.8/-14.8% -3.7/-3.7% -6.6%/-6.6%

p¥ Migration This uncertainty takes into account the relative acceptance between the
various p‘T’ bins of the analysis. In this case, no acceptance uncertainty is added across the
different p¥ bins as the p¥ shape uncertainty is sufficient to account for migration effects.
The full breakdown of the migration effects induced by this systematic is reported in
Table B.32 in Appendix B.1 for both the 0-lepton and 1-lepton channels.

6.9.2 Flavour composition uncertainties

The W+hf background is composed of four main processes: W + bb, W + bc, W + bl and
W + cc. Uncertainties on the relative composition of these processes are estimated
separately in the 1-lepton and 0-lepton channels and are implemented as normalisation
uncertainties on each of the smaller components (bc, bl, cc) relative to the more dominant
bb flavour. The same value of the NP is applied in a correlated fashion in all jet categories
and analysis regions. This is justified by the relatively small contribution of the non-
bb components of the W+hf background after the 2 b-tagged jets requirement (see
Table 6.11), which makes the impact of the choice of the correlation scheme in the fit
negligible.

The full breakdown of the variations which contribute to the final uncertainty reported
in Table 6.15 is summarized in Table B.33 (Table B.34) for the bc/bb extrapolation in the
1-lepton (0-lepton) channel, in Table B.35 (Table B.36) for the b//bb extrapolation in the
1-lepton (0-lepton) channel and in Table B.37 (Table B.38) for the cc/bb extrapolation in
the 1-lepton (0-lepton) channel, all in the Appendix B.2. It can be seen that the largest
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contribution comes from the comparison of the SHERPA 2.2.1 and MADGRAPH 5 predictions.
The final uncertainties on the flavour composition are summarized in Table 6.15 with
the name of the corresponding NP implemented in the fit.

Table 6.15: The priors on the relative acceptance variations for W+hf. The first column
details the flavour components across which the acceptance variation is being considered,
the second column quotes the name of the corresponding nuisance parameter in the Profile
Likelihood Fit, the third contains the uncertainty on the prior and the fourth column the
processes and categories to which this nuisance parameter is applied.

Category Name of NP Prior Applied to

15% | W+ bc events (0-lepton)
30% | W+bc events (1-lepton)
10% | W +bl events (0-lepton)
30% | W+blevents (1-lepton)
26% | W +cc events (0-lepton)
23% | W+cc events (1-lepton)

W +bc/W+bb | SysWbcWbbRatio

W+bl/W+bb | SysWblWbbRatio

W+cc/W+bb | SysWccWbbRatio

Variations of the flavour composition are also partly accounted for by the BDTr shape
uncertainty. In fact, this encodes the differences between the MC predictions of SHERPA
2.2.1 and MADGRAPH 5 for all the input variables entering the MVA (except for the p‘T’
distribution which is factorized out), including the m,,;, one. It can be seen from Figure 6.25
that the W+hf components have an intrinsically different m,,;, distribution, in particular
between processes containing gluon splitting diagrams (W + bb and W + cc) and processes
not containing them (W + bc and W + bl)°.

A summary of the W+jets normalisation and acceptance uncertainties, together with
the name of the associated NP and the regions where they are applied, is reported in
Table 6.16.

6.9.3 BDT-reweighting shape uncertainties

As outlined in Section 6.7, the full Run 2 analysis utilises a BDT multidimensional
mapping technique to derive the shape uncertainties for the W+jets background. On the
other hand, the H — bb observation analysis used a 1-dimensional parametrization for
two variables. For completeness, the studies performed by the author of this thesis for
the H — bb observation publication are summarized in Appendix B.3.

The BDT-reweighting technique can be performed using a p-dimensional or a p-n-
dimensional parametrization. The approach was first validated starting from the p-
dimensional parametrization and using events at particle-level with truth tagging applied,
in order to increase the number of events of the training samples. These studies can be
found in Appendix B.4.

9This plot dates to studies performed for the derivation of the flavour composition uncertainties in the
context of the H — bb observation analysis [13].
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Figure 6.25: m;,;, distribution in the 1-lepton channel for each heavy flavour category and
for the 2-tag, 2-jet category. Differences are observed between processes containing gluon
splitting diagrams (W +bb and W + cc) and processes not containing them (W + bc and W + bl).
The last bin include also the events in the overflow region.

Table 6.16: Summary of the normalisation and acceptance uncertainties on the W+jets
predictions in the various categories of the 0-lepton and 1-lepton channels. The second
column corresponds to the region where the uncertainty is applied, the third one is the name
of the NP associated to the systematic implemented in the fit framework. The normalisation
NPs in the 2-jet and 3-jet categories have Wbb in the name only for historical reasons, but
they refer to all W+hf events. In the fourth column, the effect of a 1 — o variation is shown

for systematics implemented with a prior in the fit model.

Prior in Region

Process Systematic Name of NP 1-Lepton
Low-AR CR SR High-AR CR Low-AR CR SR High-AR CR
2-jet 2-jet 2-jet 3-jet 3-jet 3-jet
w+l Wel norm. SysWclNorm 32%
W+cl Wi norm. SysWLNorm 37%
W+hf 2-jet W+Af norm. norm_Wbb_J2 Floating Normalisation (2-jet events only)
W+hf 3-jet W+ hf norm. norm_Wbb_J3 Floating Normalisation (3-jet events only)
W+hf W +hf CR/SR extrap. SysWbbCRSRextrap -11.5% [ - +14.8% -3.6% - +5.1%
0-Lepton
W+hf W+hf 0-lep — 1-lep extrap. SysWbbNorm_L0@ 5%
Whf W +hf CR/SR extrap SysWbbCRSRextrap 1% | - | v149% | 5% - +7.0%
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However, as explained in Section 6.7.3, the hybrid p-n parametrization with n = 2 was
chosen to increase the flexibility of the fit to accomodate for data/MC mismodelling,
and the BDTr shape systematic was derived using a sample with a large number of fully
reconstructed events with hybrid tagging applied, to be coherent with the W+jets (and
tf) MC templates used in the rest of the analysis.

In the following paragraphs, the hybrid p-2 parametrization of the BDTr shape uncer-
tainty will be explained.

Derivation of the p,‘r’ shape uncertainty In both O-lepton and 1-lepton channels,
eight p}’ shape uncertainties are derived according to the jet category (2-jet and 3-
jet) and the flavour composition of the W+hf event (W +bb, W + bc, W + bl and W + cc).
Following the 1-dimensional procedure outlined in Section 6.7, a functional fit (first
order polynomial in this case) is performed to the unit-normalised ratio between the
SHERPA 2.2.1 and the MADGRAPH 5 predictions of the p‘T’ distribution. In the 0-lepton
channel, the EX"** distribution is used and the fit is performed in the ET"** > 150 GeV
range. In the 1-lepton channel, the fit is performed in the pY > 75 GeV range'’.

Figure 6.26 and Figure 6.27 show the py shape systematics (called “SHERPA 2.2.1- py.
rw”) derived in the 1-lepton channel for each heavy flavour pair and for 2-jet and 3-jet
events, respectively.

Given the small number of available W+jets events in the 0-lepton channel, the p‘T’
shapes derived in the 1-lepton channel are also applied to the 0-lepton channel. The
applicability of this approach is shown in Figure 6.28 for the 2-tag, 2-jet category and in
Figure 6.29 for the 2-tag, 3-jet category, for each heavy flavour pair, and for the common
py > 150 GeV range between the two lepton channels'!. The py shape uncertainties,
derived in the 1-lepton channel, are therefore applied to both the 1-lepton and the 0-
lepton channels. One NP for each jet category is implemented and treated as correlated
accross the signal and control regions and the 0-lepton and 1-lepton channels.

Once the p‘T’ shape uncertainty has been derived, this is used to reweight the full
input space of the nominal MC prediction. This is characterized by the input variables
entering the analysis-BDT that are reported in Table 6.7 for the three lepton channels.
However, since the decision on adding the soft E%“iss term (0-lepton channel), and the
PCBT quantiles (0-lepton and 1-lepton channels) to the training of the analysis-BDT
came after the studies performed for the derivation of the W+jets shape systematics, the
BDT training used in the p¥—factorized BDTr approach does not include those variables.

100ne of the planned improvements of the analysis in the 1-lepton channel was the addition of the so called
“medium p‘T’” region, 75 < p}r, < 150 GeV, as a new fitted region. However, the available bins (two CRs with
a single bin and two SR in the discriminant distribution in both 2-jet and 3-jet categories) were found to
be not sufficient to control the large number of events available in this region, causing strong constrains
on many backgrounds that could not be easily (or necessarily) transported to the higher [)¥ regions. Due
to the limited time during the publication process, no further study was performed in this direction and
it was decided to drop the medium p‘T’ region for this round of the analysis.

!1The pY shape is derived from a unit-normalised ratio between SHERPA 2.2.1 and MADGRAPH 5 in the

p\T’ > 75 GeV range, while the E;,“iss distribution is normalised to one in the Efrniss > 150 GeV range.
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Figure 6.26: p¥ shape uncertainties in the 1-lepton channel for each heavy flavour pair
in the 2-jet category. In the top panel, the red and blue histograms correspond to the p‘T’
distributions predicted by SHERPA 2.2.1 and MADGRAPH 5, respectively. In the bottom panel,
the ratio is performed with the MADGRAPH 5 prediction at numerator and the SHERPA 2.2.1
one at denominator. The p‘T’ binned shape uncertainty is plotted in green.
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Figure 6.27: p,‘r’ shape uncertainties in the 1-lepton channel for each heavy flavour pair
in the 3-jet category. In the top panel, the red and blue histograms correspond to the p‘T’
distributions predicted by SHERPA 2.2.1 and MADGRAPH 5, respectively. In the bottom panel,
the ratio is performed with the MADGRAPH 5 prediction at numerator and the SHERPA 2.2.1
one at denominator. The p‘T’ binned shape uncertainty is plotted in green.
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Figure 6.29: pY. and EM* shape uncertainties derived in the 2-tag 3-jet region of the 1-
lepton and 0-lepton channels, respectively, for each heavy flavour pair.
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Hyper-parameter Optimization To achieve the best separation power in the BDT
training procedure, a hyper-parameter optimization is performed in the 1-lepton chan-
nel as it has the largest number of MC events. The following studies have been performed
using particle-level events, but similar conclusions can be drawn also using fully recon-
structed events.

Seventeen trainings are performed on W + bb events only, fixing the depth of the
training to a value of 4 and varying the number of trees from 50 to 500 with a size of
50 and from 500 to 1200 with a size of 100. Eight trainings are performed fixing the
number of trees to 200 and varying the depth from 4 to 11. The full set of W + bb events
entering each of these trainings is divided into two sub-sets, called A and B, in order
to perform a 2-fold training. Then, the BDT output obtained on the testing sample, for
each configuration of number of trees and depth, is scanned and the signal efficiencies
and background rejection are calculated for different values of the threshold. Plotting
the signal efficiency as a function of the background rejection for each BDT output value,
one obtains the Receiver Operating Characteristic (ROC) curve, whose “area under the
curve” is used to quantify the ability of the multiclassifier to resolve the signal (SHERPA
2.2.1) events from the background (MADGRAPH 5) events. If the AUC of the ROC is equal
to 0.5, the discrimination power of the trained BDT is null. Figure 6.30 shows the AUC
for each BDT output of the seventeen trainings as a function of the number of trees used
in the trainings in both the 2-jet and 3-jet categories.

The label AonA identifies the AUC for a setup in which both training and testing are
performed on the same set of events, while the label AonB shows the AUC for a setup in
which the training is performed on the first half of events and the testing is performed
on the second half of events. The AUC for the AonB setup shows that from a number
of trees equal to 200, the discrimination power of the BDT does not increase anymore
(black dashed line) and the BDT starts to be trained on statistical artefacts of the training
samples, as shown by the AUC for the AonA setup (solid black line). For this reason, a
value of 200 trees has been chosen.

Figure 6.31 shows the AUC for each BDT output of the 8 trainings as a function of the
depth used in the trainings in both the 2-jet and 3-jet categories. It can be seen that
the AUC for the AonB setup is almost constant while the one for the AonA setup rises at
increasing values of the depth. For this reason, a value of 5 has been chosen, as higher
values of the depth would mean overtraining the BDT.

Derivation of the BDTr shape systematic Before training, the nominal SHERPA 2.2.1
events in both the 0-lepton and 1-lepton channels are weighted in each jet category and
for each heavy flavour pair by the p‘T’ density ratio obtained from the comparison between
the nominal and the alternative p‘T’ distribution in that region of the phase space.
Then, eight 2-fold trainings are performed in each lepton channel, one for each heavy
flavour pair, and separately in the 2-jet and 3-jet categories. The nominal sample
reweighted by the p‘T’ density ratio is considered as signal, while the unaltered alter-
native sample is the background. The BDT scores for the signal and the background are
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the outputs of each training and are used to derive the density ratio given in Equation 6.37.
This corresponds to the BDTr shape systematic of the p — 2 reweighting procedure and
has the form of a binned function. It is used to reweight the original nominal SHERPA
2.2.1 events and enters the profile likelihood fit as a nuisance parameter that acts in a
correlated fashion in all analysis regions.

As explained in Section 6.7.3, it is not guaranteed that after the multi-dimensional
reweighting the nominal input variable distributions, as well as the distribution of the
analysis-BDT, will look exactly like the ones predicted by the alternative generator. In
order to validate this procedure, the nominal distribution of each input variable (and of
the analysis-BDT), weighted by the BDTr density ratio, is compared to the alternative
one and their agreement is evaluated through the y?/nq , f metric. The closer the y?/nqo
to one, the better the agreement between the two distributions.

Figure 6.32 and Figure 6.33 show the distributions of some of the variables entering

the analysis-BDT for W + bb events in the 1-lepton, 2-tag, 2-jet category. More plots for
W + bb events in the 1-lepton, 2-tag, 3-jet category can be found in Appendix B.5. The
nominal distribution predicted by SHERPA 2.2.1 is shown in red, while the alternative one
is shown in blue. The so-called “SHERPA 2.2.1- p‘T’—rw” distribution in green corresponds
to the nominal SHERPA 2.2.1 distribution reweighted by the p¥ density ratio, while the
so-called “SHERPA 2.2.1-BDTr-rw” distribution in magenta corresponds to the nominal
SHERPA 2.2.1 distribution reweighted by the BDTr density ratio. In the bottom panel, the
ratio is always performed with the MADGRAPH 5 distribution at the numerator.
The x?/nq.s metric is first evaluated to quantify the difference between the original
nominal SHERPA 2.2.1 distribution and the MADGRAPH 5 one, then it is re-calculated
by replacing the nominal SHERPA 2.2.1 distribution with the one weighted by the BDTr
density ratio. This gives a measure of how well the multi-dimensional procedure maps
the nominal phase space to look like the alternative one. Good agreement between
the SHERPA 2.2.1-BDTr-rw and the alternative MADGRAPH 5 distributions is found for all
input variables. Similar agreement is found when considering W +bc, W + bl and W + cc
events, as can be observed in Appendix B.5. However, 1-2% level of disagreement is
found in some variables, but is of no worry as the most important variables entering
the analysis-BDT, p\Tf and m;;,, and the analysis-BDT itself are fully covered by the BDTr
shape uncertainty. Moreover, the sizes of the W + bc, W + bl and W + cc components are
small due to the strong b-tagging requirements against c-jets and /-jets.

In Figure 6.34 and Figure 6.35, the validation of the multi-dimensional reweighting is
shown for some of the variables entering the analysis-BDT, considering W + bb events in
the 0-lepton, 2-tag, 2-jet category. More plots for the W + bb events in the 0-lepton 2-tag,
3-jet category can be found in the Appendix B.5. The same validation test is performed
also for W+bc, W + bl and W + cc events, and similar agreement is observed between the
nominal distribution weighted by the BDTr shape uncertainty and the alternative one.

Finally, the effect of the BDTr shape uncertainty, as well as the p‘T’ one, on the analysis-
BDT is shown in Figure 6.36 for W + bb events.
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Figure 6.32: Validation of the p — 2 reweighting procedure on some of the variables entering
the analysis-BDT for W + bb events in the 1-lepton, 2-tag, 2-jet region. The nominal SHERPA
2.2.1 prediction is shown in red, while the alternative MADGRAPH 5 one is shown in blue.
The nominal distribution weighted by the p,\F’ density ratio is plotted in green, while the one
weighted by the BDTr density ratio is shown in magenta. The y?/nq , f metric is evaluated
to quantify the difference between the original nominal SHERPA 2.2.1 distribution and the
MADGRAPH 5 one, as well as the difference between the nominal SHERPA 2.2.1 distribution
weighted by the BDTr density ratio and the alternative one.
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Figure 6.33: Validation of the p — 2 reweighting procedure on some of the variables entering
the analysis-BDT for W + bb events in the 1-lepton, 2-tag, 2-jet region. The nominal SHERPA
2.2.1 prediction is shown in red, while the alternative MADGRAPH 5 one is shown in blue.
The nominal distribution weighted by the p¥ density ratio is plotted in green, while the one
weighted by the BDTr density ratio is shown in magenta. The y?/nq , f metric is evaluated
to quantify the difference between the original nominal SHERPA 2.2.1 distribution and the
MADGRAPH 5 one, as well as the difference between the nominal SHERPA 2.2.1 distribution
weighted by the BDTr density ratio and the alternative one.
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Figure 6.34: Validation of the p — 2 reweighting procedure on some of the variables entering
the analysis-BDT for W + bb events in the 0-lepton, 2-tag, 2-jet region. The nominal SHERPA
2.2.1 prediction is shown in red, while the alternative MADGRAPH 5 one is shown in blue.
The nominal distribution weighted by the p‘T’ density ratio is plotted in green, while the one
weighted by the BDTr density ratio is shown in magenta. The y?/nq , f metric is evaluated
to quantify the difference between the original nominal SHERPA 2.2.1 distribution and the
MADGRAPH 5 one, as well as the difference between the nominal SHERPA 2.2.1 distribution
weighted by the BDTr density ratio and the alternative one.
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Figure 6.35: Validation of the p — 2 reweighting procedure on some of the variables entering
the analysis-BDT for W + bb events in the 0-lepton, 2-tag, 2-jet region. The nominal SHERPA
2.2.1 prediction is shown in red, while the alternative MADGRAPH 5 one is shown in blue.
The nominal distribution weighted by the p¥ density ratio is plotted in green, while the one
weighted by the BDTr density ratio is shown in magenta. The y?/nq , f metric is evaluated
to quantify the difference between the original nominal SHERPA 2.2.1 distribution and the
MADGRAPH 5 one, as well as the difference between the nominal SHERPA 2.2.1 distribution
weighted by the BDTr density ratio and the alternative one.
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Figure 6.36: Validation of the p —2 reweighting procedure on the analysis-BDT considering
W + bb events in the 1-lepton, 2-jet region (a), 1-lepton, 3-jet region (b), O-lepton 2-jet
region (c), and O-lepton, 3-jet region (d). The nominal SHERPA 2.2.1 distribution is shown
in red, while the alternative MADGRAPH 5 one is shown in blue. The nominal distribution
weighted by the p\T’ density ratio is plotted in green, while the one weighted by the BDTr
density ratio is shown in magenta. The y2/nq ., f metric is evaluated to quantify the difference
between the original nominal SHERPA 2.2.1 distribution and the MADGRAPH 5 one, as well as
the difference between the nominal SHERPA 2.2.1 distribution weighted by the BDTr density

ratio and the alternative one.
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As an additional validation test, the ROC curve was used to quantify the similarity
between the nominal SHERPA 2.2.1 distribution weighted by the BDTr density ratio and
the unaltered alternative one. An AUC very close to 0.5 was found, representing the
almost null discrimination power of the BDT.

When performing these validation tests, one needs to take in mind that the shape
of each input variable can be modified in the fit by both the p‘T’ and the BDTr shape
uncertainties, which are implemented as two separate nuisance parameters. Therefore, it
makes more sense to evaluate the similarity between the weighted nominal distribution,
obtained by combining the two shape uncertainties, and the alternative one. An example
of this is given in Figure 6.37 for the myy,, my,,,, and the analysis-BDT distributions in the 1-
lepton, 2-tag, 2-jet region and for p¥ > 150 GeV. Despite the training of the multiclassifier
being performed in the p‘T’ > 75 GeV, the validation is shown in the p‘T’ > 150 GeV to be
consistent with the p}’ range considered the 1-lepton channel.

It can be observed that, after being reweighted by both the p‘T’ and BDTr density ratio,

the input variable distributions for the nominal sample are in very good agreement with
those of the alternative sample. This demonstrates that the hybrid BDT-reweighting
approach allows to parametrise the analysis phase space in a coherent and correlated
fashion, without relying on just two kinematic variables, m;;, and p¥, but on all kinematic
variables to describe the differences between the generators’ predictions.
Small level of disagreement between the nominal kinematic distributions weighted by
the p —2 procedure and the alternative one can still be observed, an example of which is
shown in Figure 6.38 in the case of the ARy, distribution in the 1-lepton, 2-jet, SR+CRs,
and p¥ > 150 GeV. It can be observed that at high values of AR, the weighted nominal
distribution does not exactly map the alternative distribution.

To solve this disagreement, one could try to split the training in different regions,
according to the p¥ range and the jet category, to help the multiclassifier learning the
generators’ differences in all corners of the phase space. On the other hand, one could
try to use more powerful mapping algorithms than the Boosted Decision Tree, as a neural
network, for example.

Studies are still on-going to improve the BDT-reweigthing technique with the aim of
exploiting it also to model other major or minor backgrounds of the analysis, like Z+jets
or single-top and diboson.
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Figure 6.37: The nominal (red points), alternative (blue points) and reweighted nominal
(black points) distributions of the m,, (a), my,, (b), and the analysis-BDT (c) are shown to
illustrate the validation of the p —2 reweighting procedure considering all W+hf events in
the 1-lepton, 2-tag, 2-jet region and for p\T/ > 150 GeV. The bottom panel shows the ratio
between the alternative (blue points) and reweighted nominal (black points) distributions
to the original nominal prediction, with the shaded regions representing the statistical
uncertainty on the sample. The y?/nq . metric is evaluated to quantify the difference
between the original nominal SHERPA 2.2.1 distribution and the MADGRAPH 5 one, as well as
the difference between the nominal SHERPA 2.2.1 distribution weighted by the BDTr density
ratio and the alternative one [187].
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Figure 6.38: The nominal (red points), alternative (blue points) and reweighted nominal
(black points) distributions of the ARy, are shown to illustrate the validation of the p -2
reweighting procedure considering all W+hf events in the 1-lepton, 2-tag, 2-jet region and
for p¥ > 150 GeV. The bottom panel shows the ratio between the alternative (blue points)
and reweighted nominal (black points) distributions to the original nominal prediction,
with the shaded regions representing the statistical uncertainty on the sample. The y?/nq.o ¢
metric is evaluated to quantify the difference between the original nominal SHERPA 2.2.1
distribution and the MADGRAPH 5 one, as well as the difference between the nominal SHERPA
2.2.1 distribution weighted by the BDTr density ratio and the alternative one. Small level
of disagreement between the reweighted nominal distribution and the alternative one is
observed, especially at low and high values of ARy;,.
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6.10 Modelling of other backgrounds

The modelling scheme for the remaining backgrounds of the VH,H — bb analysis is
explained in this Section. Tables 6.17 and 6.18 show a summary of the systematic
uncertainties affecting the modelling of all background samples of this analysis and their
implementation in the final fit scheme.

Z+jets background estimation The overall normalisation of the Z+hf background is
left floating in the 2-jet and 3-jet categories and in the 75 < p‘T’ <150 GeV and p‘T’ > 150
GeV regions. The largest constraint comes from the High-AR CR and the SR in the
2-lepton channel, which are dominated by Z+jets events. For this reason, a relative
acceptance uncertainty on the ratio of the event yields in the 0-lepton channel to that in
the 2-lepton channel is considered. This is applied only to the 0-lepton channel across
all regions; the Z+hf contribution in the 1-lepton channel is of the order of 1% in all
analysis regions.

Uncertainties on the Z+hf flavour composition are derived as ratios of the yield of
the smaller components bb, bc, bl,cc with respect to the main one bb. As in the case of
the W+jets background, the contribution of the Z + ¢/ and Z + [ backgrounds is strongly
suppressed by the b-tagging requirement and compose less than 1% of the total Z+jets
background, therefore only a single normalisation uncertainty is considered.

Shape uncertainties are derived using a 1-dimensional approach, outlined in Sec-
tion 6.7, on the m,,;, and the p‘T’ distributions in the 2-lepton channel, for p‘T’ > 75 GeV, the
sum of the SR, Low-AR CR and High-AR CR, and in the > 2-jets category. A data-driven
method is employed and the region around the VH and VZ signals, 80 < my;, < 140 GeV,
is removed from both the p‘T’ and the my,;, distributions in order to veto the signal events
when deriving the shape systematics. This phase space is enriched in Z+jets events but
contains a non-negligible 7 contamination and some smaller contributions from W+jets
and diboson. Their expected contributions are subtracted from the data and the ratio
between the data and the Z+jets MC prediction is fitted with a linear function to derive a
shape systematic. The resulting functional forms are reported in Figure 6.39 for p‘T’ and
myp, in the 2-lepton, 2-tag, > 2—jets region and inclusively in pY.

The shape systematics on the m;;, and p\T’ distributions, derived in the 2-lepton channel,
are also applied to the 0-lepton channel in a correlated fashion. They are implemented
in the fit as nuisance parameters affecting the shape of the analysis-BDT discriminant.

Additional acceptance uncertainties, with priors calculated according to Equation 6.34,
are assigned to the Low-AR CR and the High-AR CR to control the relative event
migration to the SR. Decorrelating the yield migration from the shape effect induced by
the uncertainty on my;, has proven to give the fit more degrees of freedom to adjust the
data-MC agreement. See Section 6.13 for a more detailed explanation.

The p¥ shape uncertainty, on the other hand, is implemented as both a shape and a
normalisation systematic that allows event migrations accross the p‘T’ bins.
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Figure 6.39: The p% and the my,;, distributions of the Z+jets data (orange dots) and MC

template (filled in blue) in the 2-lepton, 2-tag, > 2 jets category and for p‘T’ > 75 GeV. The
black dots with orange errors bars in the bottom panel show the ratio between the data and
the MC template. The shape uncertainty is derived as a fit to the data/MC ratio and it is
indicated by the continuous orange line with the shaded region being the 95% confidence
level. (Courtesy of Thomas Paul Charman, Queen Mary University of London).

tt background estimation In the 0-lepton and 1-lepton channels the ¢7 events present
at least one non-reconstructed object, while the 7 events in the 2-lepton channel are
mostly fully reconstructed. Also, the 7 events with two b-tagged jets in the 0-/1-lepton
channel contain a non-negligible hc component. For this reason, two methodologies are
adopted to estimate the 77 background according to the channel: MC comparisons are
used in the O-lepton and 1-lepton channels, while a data-driven approach is utilized in
the 2-lepton channel where a pure eu — CR is built, as explained in Section 6.4.

In the 0-/1-lepton channels, two floating normalisations are defined separately in
the 2-jet and 3-jet regions. Acceptance uncertainties, calculated as double ratios (see
Equation 6.34), are defined to control the yield migration from the 2+3-jet region in the
1-lepton channel to the 2+3-jet region in the 0-lepton channel. The migration effects
accross p}F/ bins and across the control and signal regions are controlled by the p‘T’ and
the BDTr shape uncertainties, respectively, which are implemented so that they cover
both the shape and the normalisation variations on the final BDT discriminant. More
details on the specific correlation scheme chosen for these two systematics are given in
Section 6.13.

Given the presence of non-bb flavour components in the 0-/1-lepton channels, the 7
processes are divided into three flavour categories, bb, bc and others, where others includes
all the smaller components bl, cc, cl, Il. Flavour composition uncertainties are calculated
by comparing the difference in the ratio of the bc or other component to the dominant bb
component predicted by the nominal generator POWHEG + PYTHIAS to the one predicted
by the alternative POWHEG + HERWIG7 for the parton shower, MADGRAPH5 aMC@NLO +
PYTHIAS.2 for the matrix element, and POWHEG + PYTHIA8 with modified values of the
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renormalization and factorization scales.

Shape uncertainties are derived using the p‘T’—factorized BDTr approach. In each lepton

channel and jet category, and inclusively in flavour composition, the p‘T’ distribution of
the nominal generator POWHEG + PYTHIAS is compared to the alternative one predicted
by POWHEG + HERWIG7 and by MADGRAPH5 _aMC@NLO + PYTHIAS8.2, in the p‘T’ > 75 GeV
range. Only the largest variation between the two in each lepton channel and jet region
is taken as p¥ shape uncertainty and used to reweight the nominal MC events.
Then, six different trainings are performed separately in the O-lepton and 1-lepton
channels, depending on the jet category (2-jet and 3-jet), and on the flavour composition
of the event bb, bc, others. The nominal POWHEG + PYTHIA8 weighted by the p‘T’ density
ratio in each of the six regions is trained against the unaltered alternative predictions to
evaluate two BDTr shape systematics, one for the variation of the matrix element and
one for the parton shower.

In the 2-lepton channel, an eu pair defines a 99% pure 7 and single-top Wt control
region. This is defined by using the nominal event selection but replacing the same-
flavour lepton selection with a requirement of exactly one electron and one muon.

Due to the leptonic decays of the W bosons, the two top backgrounds in the 2-lepton

channel are flavour symmetric, meaning that the events in the SR and the ¢u-CR are
kinematically the same. For this reason, the events in the eu-CR are used as a template
for the top backgrounds within the SR!2.
This data-driven procedure allows to eliminate the experimental uncertainties related
to the detector, object reconstruction and b-tagging, as well as the dependency from
the MC theoretical predictions. The dominant source of uncertainty in the data-driven
estimation is given by the statistical uncertainty of the data sample.

Single-top background estimation The single-top background has a negligible con-
tribution in the 0-lepton and 2-lepton channels, and all the uncertainties derived in the
1-lepton channel are applied also to the 0-/2-lepton channels in a correlated fashion.
An overall normalisation uncertainty is defined for each single-top process (s-/t-/Wt-
channels) and accounts for the renormalization and factorization scale variations, ag
uncertainty, and PDF variations. The sum in quadrature of these uncertainties give an
overall uncertainty of 4.4%, 4.6% and 6.2% for the t-, s-, and Wt-channels, respectively.
The s-channel has a vanishing contribution in all analysis regions of the 1-lepton
channel, therefore, systematic uncertainties are derived only for the t-channel and the
Wt-channel.
Acceptance uncertainties are considered to account for event migrations accross the jet
categories; the prior is calculated as the sum in quadrature of all variations, each of
which is obtained as a double ratio of the nominal MC prediction and the alternative one.

12 Any bias caused by lepton trigger, reconstruction, identification or acceptance is determined by comparing
the ratio of simulated top background events in the SR to those in the eu-CR. No significant bias on
the shape or the normalisation is observed for any of the important kinematic variables, including the
analysis-BDT discriminant.



6.10 Modelling of other backgrounds 193

Shape systematics are derived on the my, and the p¥ distributions following the 1-
dimensional procedure outlined in Section 6.7. In the Wt-channel the contribution
to the modelling uncertainties was found to be greatly dependent on the process. In
events in which the two b-tagged jets are genuine b-jets, the comparison between the
diagram removal and diagram subtraction schemes is the dominant source of uncertainty.
In events where only one or fewer of the b-tagged jets are actually b-jets, the dominant
source of uncertainty is given by different parton shower or matrix element schemes.
For the t-channel process, the main source of uncertainty is given by the choice of the
parton shower scheme for the p¥ shape and the increased or decreased radiation for the
myy, shape.

Diboson background estimation An overall normalisation uncertainty is defined ac-
counting for the effect of the renormalization and factorization scales and the difference
between the nominal prediction by SHERPA 2.2.1 and the alternative predictions given
by POWHEG + PYTHIA8 and POWHEG + HERWIG+ +. These uncertainties are 25%, 26% and
20% for WW, WZ and ZZ, respectively. The WW background composes less than 0.1%
of the total diboson background in all channels, so a single normalisation uncertainty
is considered. Acceptance uncertainties accounting for scale and PS/UE variations are
considered to control the event migration accross the jet categories and from the 0-lepton
to the 2-lepton channel in the case of ZZ events, and from the 0-lepton to the 1-lepton
channel in the case of WZ events.

Shape uncertainties for the scale and PS/UE variations are derived on the m,,;, and p¥
distributions. The matrix element shape uncertainty is only considered for the m;,;, in the
WZ and ZZ processes, as it was found to have a negligible impact on the p\T’ shape.

Multi-jet data-driven estimation The multi-jet background was demonstrated to be
negligible in the 0-lepton and 2-lepton channels, using the same techniques as detailed
in Ref. [13]. In the 1-lepton channel, tighter selection criteria, based on calorimeter
isolation for electrons and track isolation for muons, are applied to reduce the multi-jet
contamination. Furthermore, a cut on EITniss > 30 GeV is applied in all p‘T’ regions, while an
additional cut on m;" > 20 GeV is applied in the medium 75 < p¥ < 150 GeV region, which
has a higher multi-jet contamination compared to the higher p}F/ regions. To increase the
number of events, the higher p‘T’ regions are merged together into a single p‘T’ > 150 GeV
region. The residual contamination of the multi-jet background in the 1-lepton channel
is extracted through a template fit in the 2-jet and 3-jet categories and separately for the
electrons and muons as the sources of fake electrons and fake muons are different.

A multi-jet enriched control region, called MJ-CR, is defined by applying the nominal
event selection, but inverting the tight lepton isolation requirement with the loose
isolation cut still applied and subtracting all the non-multi-jet (¢7, single-top, W+jets,
Z+jets and diboson) simulated backgrounds from the data. The transverse mass m%" of the
W-candidate is chosen to derive the nominal multi-jet template fits as it has the largest
discrimination power between multi-jet and non-multi-jet backgrounds. Furthermore, a



194 6 Measurement of the H — bb decay in the VH production

single b-tagged jet is required in order to increase the number of events in the MJ-CR.

A fit to the mTW distribution, is performed in each jet category and p‘T’ region, separately
for the e/u channel, and in the full Low-AR CR, SR, and High-AR CR phase space, in
order to extract the normalisation factors for the multi-jet background and for all the
other simulated backgrounds. Figure 6.40 shows the post-fit distribution of m%" in the
2-tag, 2-jet signal region, and for p¥ > 150 GeV, for the electron and muon sub-channels,
as an example of the performance of the procedure. Good agreement is observed between
data and MC prediction.
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Figure 6.40: The m¥’ distribution in the p‘T’ > 150 GeV signal region, 2-tag, 2-jet region in
the e sub-channel (a) and u sub-channel (b). The bottom panel shows the good agreement
between data and MC prediction. (Courtesy of Konie Al Khoury, Université Paris-Saclay,
CNRS/IN2P3, IJCLab, Orsay).

Two uncertainty components are considered, those altering the normalisation and
those affecting the shape of the analysis-BDT multi-jet template. They have the same
sources of uncertainties which are derived by changing the definition of the multi-jet con-
trol region (more stringent isolation requirements or a different single-electron-trigger
to probe potential trigger biases) but also varying the normalisation of the contamination
from the 7, single-top Wt processes and V+jets processes. Furthermore, the usage of
another discriminant variable instead of m)’ and the inclusion of a cut on Efr“iss <30 GeV
(which enhances the multi-jet contamination) are considered as sources of normalisation
effects on the multi-jet templates. To evaluate the final normalisation uncertainty, all
individual contributions are summed in quadrature.
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Table 6.17: Summary of the systematic uncertainties for the modelling of the Z+jets, W+jets,
tf, single top and multi-jet backgrounds. ‘ME’ indicates a matrix element generator variation
and ‘PS’ indicates a parton shower generator variation. The ‘M+S’ symbol is used when a
shape uncertainty includes an event migration effect that allows the relative acceptance to
change between regions, whilst ‘S’ indicates that the uncertainty only acts on the shape of
the final BDT discriminant in the signal region. If an uncertainty is considered independently
in different regions, these are detailed in parentheses. Where the size of an acceptance
systematic uncertainty varies between regions, a range is displayed [146].

Z +jets

Z + Il normalisation
Z + cl normalisation

Z + HF normalisation

Z + bc-to-Z + bb ratio
Z + cc-to-Z + bb ratio
Z + bl-to-Z + bb ratio
SR-to-low AR CR ratio
SR-to-high AR CR
0-to-2 lepton ratio

18%
23%
Floating (2-jet, 3-jet) x
(75GeV < py. < 150GeV, py. > 150 GeV)

30 - 40%
13 -16%
20 - 28%

3.8 = 9.9% (75GeV < pY < 150GeV, pY. > 150 GeV)
2.7 - 4.1% (75GeV < py. < 150GeV, pY > 150 GeV)

7%

py M+S (75GeV < pY < 150GeV, p). > 150 GeV)

My S (75GeV < pY < 150GeV, pY. > 150 GeV)
W +jets

W + Il normalisation 32%

W + cl normalisation 37%

W + HF normalisation
W + bc-to-W + bb ratio
W + cc-to-W + bb ratio
W + bl-to-W + bb ratio
SR-to-CR ratio

0-to-1 lepton ratio

Py

BDTRr

Floating (2-jet, 3-jet)
15% (0-lepton) and 30% (1-lepton)
10% (0-lepton) and 30% (1-lepton)
26% (0-lepton) and 23% (1-lepton)
3.6-15%
5%
M+S (2-jet, 3-jet)
S

tf (0+1-lepton channels only)

tf normalisation

0-to-1 lepton ratio

tf (flavour composition) be-to-bb ratio (ME)

tf (flavour composition) bc-to-bb ratio (PS)

tf (flavour composition) other-to-bb ratio (ME)
tf (flavour composition) other-to-bb ratio (PS)
Py

BDTgr ME variation

BDTy PS variation

Floating (2-jet, 3-jet)
8%

7.6 — 8.2% (0-lepton), 1.3 — 3.8% (1-lepton)
2.1 - 3.2% (0-lepton), 1.5 — 7.1% (1-lepton)
2.8 — 6.4% (0-lepton), 3.3 — 5.7% (1-lepton)
5.6 — 13% (0-lepton), 0.3 — 2.1% (1-lepton)

M+S (2-jet, 3-jet)

M+S (2-jet, 3-jet)

M+S (0-lepton, 1-lepton)

Single top-quark

Cross-section
Acceptance 2-jet
Acceptance 3-jet
M

4.6% (s-channel), 4.4% (t-channel), 6.2% (W)

17% (t-channel), 55% (Wt(bb)), 24% (Wt(other))

20% (t-channel), 51% (Wt(bb)), 21% (Wt(other))
M+S (t-channel, Wi(bb), Wi(other))

py M+S (z-channel, W(bb), Wt(other))
Multi-jet (1-lepton)
Normalisation 30 — 200% (2-jet), 100% (3-jet)

BDT template

M+S
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Table 6.18: Summary of the systematic uncertainties in the background modelling for the
diboson production. ‘PS/UE’ indicates parton shower/underlying event. The ‘M+S’ symbol is
used when a shape uncertainty includes a migration effect that allows relative acceptance
changes between regions. If an uncertainty is considered independently in different regions,
these are detailed in parentheses. Where the size of an acceptance systematic uncertainty

varies between regions, a range is displayed [146].

7z

Normalisation

0-to-2 lepton ratio

Acceptance from scale variations

Acceptance from PS/UE variations for 2 or more jets
Acceptance from PS/UE variations for 3 jets

my, from scale variations

p‘T’ from scale variations

my, from PS/UE variations

py. from PS/UE variations

myp, from matrix-element variations

20%
6%
10 - 18%
6%
7% (0-lepton), 3% (2-lepton)

M+S (correlated with WZ uncertainties)
M+S (correlated with WZ uncertainties)
M+S (correlated with WZ uncertainties)
M+S (correlated with WZ uncertainties)
M+S (correlated with WZ uncertainties)

wz

Normalisation

0-to-1 lepton ratio

Acceptance from scale variations

Acceptance from PS/UE variations for 2 or more jets
Acceptance from PS/UE variations for 3 jets

myp, from scale variations

p¥ from scale variations

my,, from PS/UE variations

py. from PS/UE variations

my,;, from matrix-element variations

26%
11%
13-21%

4%

11%
M+S (correlated with ZZ uncertainties)
M+S (correlated with ZZ uncertainties)
M+S (correlated with ZZ uncertainties)
M+S (correlated with ZZ uncertainties)
M+S (correlated with ZZ uncertainties)

ww

Normalisation

25%
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6.11 Experimental Systematic Uncertainties

Several sources of experimental systematic uncertainties are considered in the VH, H — bb
analysis, as outlined in this Section.

Luminosity The uncertainty on the integrated luminosity is 2.1%, 2.6%, 2.4% and
2.0% for the data collection periods of 2015, 2016, 2017 and 2018, respectively. The
uncertainty on the combined integrated luminosity for the full Run 2 data collection,
2015-2018, is 1.7%. It is derived following a methodology outlined in Ref. [206], and
using the LUCID-2 detector for the baseline luminosity measurements [207].

Pile-up reweighting The average number of bunch crossing in the MC simulation
is rescaled by 3% to match the data and an uncertainty, large as the correction, is in-
cluded [208].

Leptons Uncertainties are considered on the lepton trigger, reconstruction and iden-
tification efficiencies, along with the uncertainty on their energy scale and resolution
following the recommendations in Ref. [209] for electrons and in Ref. [108] for muons.

E?iss An uncertainty is assigned to the E%liss trigger correction factors which accounts
for the statistical uncertainty in the measured correction factors when using W+jets,
Z+jets or if events. Furthermore, the uncertainties on the energy scale and resolution of
the jets and leptons are propagated to the calculation of the E%‘iss, together with further
uncertainties on the scale, resolution and reconstruction efficiency of the tracks used to
compute the soft EMSS term [119].

Jets The main sources of uncertainties come from the jet energy scale (JES) decomposed
into 30 independent components and the jet energy resolution (JER) with 8 independent
components, following the recommendations in Refs. [210, 211].

b-tagging The dominant experimental uncertainty in this analysis comes from the
b-tagging. Data-MC scale factors are derived in the five MV2c10 bins of the pseudo-
continuous b-tagging (see Section 4.4) and applied in order to correct for mismodelling
in the output of the b-tagging algorithm. These are derived separately for b-jets [137],
c-jets [138] and [-jets [140] and uncertainties on them are estimated from multiple
measurements and decomposed into 29, 18 and 10 uncorrelated components, respectively.
An additional systematic is considered, related to the extrapolation in the case of high-pr
jets.

6.12 Smoothing and pruning of systematics

Limited number of events in the MC samples or small variations can lead to statistical
fluctuations in the systematic uncertainties. Therefore, a “smoothing” algorithm is
used to mitigate these effects. The relative effect of the systematic uncertainty on the
analysis-BDT is iteratively “re-binned” from one extremum to the next until no local
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extrema remain in the template. At each step, the number of bins that need to be merged
is chosen as the one for which the difference between the merged and unmerged template
is the smallest. The bins resulting from this merging iteration are sequentially merged,
starting from the upper end of the distribution, until the statistical uncertainty in each
of the merged bins of the nominal template is smaller than 5%.

A systematic uncertainty can have a negligible effect on the BDT discriminant. There-
fore, a “pruning” procedure is applied for every sample and in each analysis region:

1. a normalisation uncertainty is neglected if it induces a variation smaller than 0.5%
with respect to the nominal template of the BDT discriminant, or if its up and down
variations have the same sign;

2. a shape uncertainty is neglected if it does not induce a variation greater than 0.5%
with respect to the nominal template of the BDT discriminant in at least one bin
after the overall normalisation is removed, or if only the up or down variation is
non-zero and passes the previous steps;

Additional pruning criteria are applied to the background samples contributing to less
than 1% of the total background:

1. in regions where at least one bin of the BDT distribution has a signal contribution
>2% of the total background, both shape and normalisation uncertainties on the
sample are pruned if they generate a variation smaller than 2% of the signal yield;

2. in regions where no bin of the BDT distribution has a signal contribution > 2%,
normalisation uncertainties inducing a variation <0.005 of the total background
yield, and shape uncertainties inducing a variation in each bin smaller than 0.005
of the total background are pruned.

6.13 Fit model cross-checks

As explained in Section 6.6, the statistical interpretation of the results leads to the
extraction of the observed significance which can indicate the discovery (or not) of the
process. It is, therefore, mandatory that the analyser remains as unbiased as possible
when designing the analysis strategy and the fit model. For this reason, a rigorous blinding
procedure is applied, stating that it is not allowed to look at the data/MC agreement in
the signal regions'> until one is confident with the full analysis chain.

To determine the stability of the background modelling and the accuracy of the treat-
ment of the systematic uncertainties within the fit model, one can look at the data/MC
agreement in the CRs and the sidebands of the SR, as well as to the impact of each
nuisance parameter on the total uncertainty on the signal strength (with the ranking

13The signal regions enter in the fit model, however, the data points in these regions, as well as their
agreement with the MC prediction, are hided so that no bias is introduced in the analysis chain to correct,
for example, for a data/MC mismodelling.
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and breakdown methods). Once a fit model has been agreed on, one can proceed with
the unblinding of the signal region.

This section summarises the studies that led to a particular treatment of some of the
analysis nuisance parameters within the fit model, before the final unblinding of the
signal region. Particular attention will be given to the 7 shape systematics and to the
extrapolation uncertainties across signal and control regions for the W+jets backgrounds.
In fact, these represent the main contributions of the author in the context of the fit
cross-checks.

Treatment of the parton shower BDTr shape systematic for the ¢7 background A
—1o pull on the NP associated to the BDTr shape systematic (SysBDTr_ttbar_PS),
which models the parton shower of the 7 background, was observed in the 0-lepton
channel and in the 1-lepton channel.

To understand the origin of the pull in the 1-lepton channel, a conditional fit was
performed by decorrelating SysBDTr_ttbar_PS in all the jet and p¥ categories and in
the signal and control regions and comparing the resulting pulls with the one obtained
when treating the NP as correlated everywhere. The values of the pulls obtained from
these two fits are reported in Table 6.19 from which it can be observed that the pull
on SysBDTr_ttbar_PS in the correlated case is coming exclusively from the 3-jet,
150 < p‘T’ < 250 GeV signal region (highlighted in red).

Table 6.19: Pulls of the NP associated to the parton shower BDTr shape systematic on the
background when this is treated as correlated or uncorrelated accross all analysis regions,
jet and p‘T’ categories. It can be observed that the —1o pull of the NP in the correlated case

is driven by a pull in the 3-jet, 150 < p‘T’ <250 GeV signal region.

Analysis region Pull
All correlated -0.86 £ 0.74
2-jet, High-AR CR , pY. > 250 GeV +0.15 + 0.99
3-jet, High-AR CR , 150 < p. <250 GeV | -0.15 + 0.97
2-jet, Low-AR CR , 150 < pY <250 GeV | -0.02 + 0.99

2-jet, Low-AR CR, p). > 250 GeV -0.01 +0.99
3-jet, Low-AR CR , 150 < pY <250 GeV | +0.02 = 0.98
3-jet, Low-AR CR, p¥ > 250 GeV -0.02 + 0.99
2-jet, SR, 150 < pY < 250 GeV -0.26 + 0.91
2-jet, SR, pY > 250 GeV +0.20 + 0.99

3-jet, SR, 150 < py. < 250 GeV -0.90 + 0.79
3-jet, SR, py. > 250 GeV -0.07 + 0.94

The propagation of this pull to the other analysis regions was shown to worsen the
data-MC agreement especially in the 3-jet, 150 < p¥ <250 GeV, High-AR CR . This effect
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was particularly evident in the AR, variable, therefore, the following studies focus on
this variable.

Figure 6.41 (a) shows the post-fit distribution of AR, in the 1-lepton, 3-jet, 150 <
p‘T’ < 250 GeV, High-AR CR obtained from a conditional fit in which the NP SysB-
DTr_ttbar_PS is treated as correlated in all analysis regions. A significant data-MC
disagreement can be observed in the bottom panel at high values of ARp,,.

Figure 6.41 (b) shows the post-fit distribution in the 1-lepton, 3-jet, 150 < p¥ <250 GeV,
High-AR CR obtained when decorrelating SysBDTr_ttbar_PS in all analysis regions.
A better data-MC agreement can be observed at high values of AR;,, meaning that the
propagation of the pull from the 1-lepton, 3-jet, 150 < p‘T’ <250 GeV, signal region to the
1-lepton, 3-jet, 150 < p\T’ <250 GeV, High-AR CR is causing the data-MC mismodelling.
This is further confirmed when looking at the change in the data-MC ratio between (a)
and (b); if the NP is treated as correlated in all analysis regions, the —1¢ pull in the
1-lepton, 3-jet, 150 < p\T’ <250 GeV, signal region is propagated to the 1-lepton, 3-jet,
150 < p‘T’ <250 GeV, High-AR CR , and the /7 MC template gets modified by the down
variation of the NP shown in blue in (c). The fact that a pull on SysBDTr_ttbar_PS,
mainly coming from a single region, gets propagated to the other analysis regions when
the NP is treated as correlated is a sign that some additional systematic uncertainty is
missing, that would create the right degree of freedom in the region where the pull is,
thus recovering the observed data-MC mismodelling.

Due to the lack of time, no further studies were performed on this issue and it was decided
to simply decorrelate the SysBDTr_ttbar_PS in the 3-jet, 150 < p‘T’ <250 GeV signal
region of the 1-lepton channel from the rest of the 1-lepton analysis regions.

To study the origin of the pull on the SysBDTr_ttbar_PS nuisance parameter in the
0-lepton channel, a conditional fit was performed in all signal and control regions with
the distribution of the BDTy discriminant in the signal regions reduced to a single bin in
order to allow just the normalisation of the signal and backgrounds MC prediction to vary.
In Table 6.20, the pull obtained in the default fit allowing both the normalisation and the
shape of the MC predictions to change is compared to the one obtained in the fit with all
signal regions having a single bin. The two pulls are observed to be compatible, meaning
that the pull is originating from a tension in the normalisation of the MC predictions
accross the different analysis regions.

Since the origin of the pull was found to be different in the 0-lepton and 1-lepton
channels, it was decided to treat the SysBDTr_ttbar_ PS NP as uncorrelated in the two
channels.

Treatment of the matrix element BDTr and p¥ shape systematics for the ¢7 back-
ground A simultaneous fit in the three lepton channels was performed decorrelating
the p¥ and BDTr shape systematics of the 7 background in the jet categories. Table 6.21
shows the pulls of the NPs associated to the above systematics, SysBDTr_ttbar_ME
for the BDTr shape uncertainty modelling the matrix element and SysTTbarPtV_BDTr
describing the differences in the p‘T’ shape of the /7 template. A tension is observed in the
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Figure 6.41: (a) Post-fit distributions of the ARy, variable in the 1-lepton, 3-jet, 150 < p¥ <
250 GeV, High-AR CR, in the case SysBDTr_ttbar_ PS is treated as correlated accross
all analysis regions. (b) Post-fit distributions of the AR, variable in the 1-lepton, 3-jet,
150 < p‘T’ <250 GeV, High-AR CR , when decorrelating the NP in all analysis regions. The
change in the data-MC ratio in the bottom panel between (a) and (b) is compatible with the
down variation of the SysBDTr_ttbar_PS in the 1-lepton, 3-jet, 150 < p¥ <250 GeV, High-
AR CR as shown in blue in (c). The y-label “Shift[%]” indicates how much the systematic
increases or decreases the nominal yield in a given bin.
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Table 6.20: Pull on the NP associated to the parton shower BDTr shape systematics when
performing a default fit in all signal and control regions, allowing both the normalisation
and the shape of the MC predictions to vary, compared to a fit performed assuming all signal
regions having a single bin such that only the normalisation of the MC prediction is allowed
to change. It can be observed that the pull on SysBDTr_ttbar_PS in the default fit is
compatible with the pull obtained in the fit with all signal regions having a single bin. This
means that the pull on the parton shower BDTr nuisance parameter is mainly coming from
the extrapolation of the /7 normalisation accross the analysis regions.

Systematic Default fit | Fit with single-bin SRs
SysBDTr_ttbar_ PS || -0.93+0.84 -1.36+£0.86

direction of the pulls for different jet categories and for both NPs. The decorrelation of
the SysTTbarPtV_BDTxr NP in the 2-jet and 3-jet categories gives very similar fit results
(in terms of ranking and breakdown methods, as well as post-fit distributions) to the case
in which the NP is correlated in the jet categories. In the case of SysBDTr_ttbar_ME,
only the NP acting in the 2-jet category has an impact on the total uncertainty on the
signal strength, while the NP in the 3-jet case is more constrained due to the higher
number of events in the /7 MC template.

Given that the SysBDTr_ttbar_ ME NP acting in the 2-jet and 3-jet categories have a
different impact on the total uncertainty on the signal strength and that in the case both
SysTTbarPtV_BDTr and SysBDTr_ttbar_ME are decorrelated in the jet categories,
this is only 0.5% different from the one obtained in the case both NPs are correlated, it
was decided to adopt the decorrelation scheme to give more degrees of freedom to the
fit.

Table 6.21: Pulls related to the matrix element BDTr and the p¥ shape systematics when
treated as correlated in all analysis regions, p:\r] and jet categories, or uncorrelated only
in 2-jet and 3-jet. A tension is observed in the direction of the pulls for the different jet
categories.

Name of NP Correlated pncorrelated.
2-jet 3-jet

SysBDTr_ttbar ME || +0.35+0.44 | —0.25+0.64 | 0.57+0.47
SysTTbarPTV_BDTr || +1.02+0.62 | —0.23+0.86 | 0.99 +0.54

Flavour composition uncertainties for the ¢z background Given that the hc compo-
nent of the 77 background has a signal-like shape in the m,, distribution, the di-jet mass
analysis is expected to be particularly sensitive to a potential flavour composition uncer-
tainty on the bc/bb ratio. This was verified by implementing two new flavour composition
uncertainties in the fit model, accounting for the PS and the ME variations, to model the
bc/bb and the orher/bb ratios. They were derived using Equation 6.34 and implemented
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as shape variations on the 7 MC nominal template. Both the MV and the di-jet mass
analyses fits were re-run with these additional flavour composition uncertainties; the
bc/bb systematic resulted to be the uncertainty having the second largest impact on the
total uncertainty on the signal strength in the di-jet mass analysis, but was proven to be
negligible in the MV one. On the other hand, the uncertainty on the orher/bb ratio was
demonstrated to be negligible in both the MV and the di-jet mass analyses, but was kept
in the fit model for completeness.

As an example, the +10 impact on the nominal m,;, distribution of the 77 bc component
in the 0-lepton, 2-jet, 150 < p‘T’ <250 GeV region, induced by the bc/bb uncertainty ac-
counting for the ME variation is shown in Figure 6.42. The blue histogram with error bars
shows the very signal-like distribution of the 77 bc component, the blue line indicates the
up variation of the bc/bb uncertainty and the red line represents the correspondent down
variation. It can be observed that the shape systematic acts immediately underneath the
signal which is the reason why in the di-jet mass analysis, this systematic gives such a
high contribution to the total uncertainty on the signal strength.

£ F SysTTbarbcMEACC ~Up J160
£ 2 ttbar o ]
- NormEtf = 2.09% ~1+ 1, -~ Unsmoothed ‘1140
N —120
& =100
I L |-
60
-1 =
=40
2 20
[(YNDF:UB={89e-12Bo=5.28e-11 | | g g, -:0

40 60 BO 100 120 140 160 180 200
mBB

Figure 6.42: Impact of the bc/bb shape uncertainty on the nominal 77 bc MC template. The
blue histogram with error bars shows the nominal distribution, while the blue (red) lines
shows the +10 (-10) impact of the shape systematic on the nominal template. The y-label
“Shift[%]” indicates of how much the systematic increases or decreases the nominal yield in
a given bin.

Modification of the pruning procedure A fit without any pruning criteria was per-
formed in all three channels of the analysis to verify the impact of the pruning procedure
on the fit outcome. The nuisance parameter associated to the first component of the
b-tagging uncertainties for the /-jets was found to be very dependent on the pruning
procedure; in fact, the pull from the NP’s central value was found to be largely reduced by
the removal of the pruning procedure and, specifically, of the pruning criteria on small
uncertainties applied to samples which contribute less than 1% of the total background.
This means that, probably, the fit is biased in pulling this NP as too much information is
removed in the pruning procedure. It was, thus, decided to reduce the pruning threshold
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to 0.005 (see second option of the pruning procedure on samples contributing less than
1% of the total background in Section 6.12) in order not to prune away this NP.

Additional control regions to signal region uncertainties for the W+jets mod-
elling Table 6.22 shows the pulls on the normalisation factors (norm_Wbb_J2 and
norm_Wbb_J3)and the NP associated to the BDTr shape uncertainty (SysBDTr_W_SHtoMG5)
of the W+hf background, obtained from a fit performed combining all lepton channels,

in the context of the diboson cross-check analysis, and using the BDTy; as discriminant.
The fit was performed in four different configurations:

SR, High-AR CR and Low-AR CR are considered in the fit;

only SR and Low-AR CR are considered in the fit;

only the SR and the High-AR CR enter the fit;

» only SR is included in the fit.

Table 6.22: Pulls on the normalisation factors of the W+jets background separately in the
2-jet and 3-jet categories and pulls on the BDTr shape uncertainty which is supposed to cover
for the Low-AR CR and High-AR CR to SR extrapolation uncertainties. When removing
the Low-AR CR from the fitted regions, the values of the estimated normalisation factors
decrease and, as a consequence, the pull on the BDTr shape uncertainty increases.

Region norm_Wbb_3J2 | norm_Wbb_3J3 | SysBDTr_W_SHtoMG5
SR + Low-AR CR + High-AR CR 1.18+0.10 1.15+0.07 -0.06+0.50
SR + Low-AR CR 1.16 £0.11 1.14+0.09 0.07+0.50
SR + High-AR CR 1.03+0.13 0.88+0.11 0.31+0.64
SR 1.07+0.13 0.86+0.12 0.52+0.65

When removing the Low-AR CR from the fitted regions, necessary to control the
W+jets background, the estimated values of the W+hf normalisation factors decrease
and, as a consequence, the pull of the BDTr shape uncertainty, implemented in the SR,
tries to recover for this effect. This is a sign that an extrapolation uncertainty from the
Low-AR CR to the SR is missing. This is expected to be covered by the NP associated
to the BDTr shape uncertainty which is, however, only slightly pulled in the default
configuration (SR+CRs). Therefore, it was decided to consider only the shape effect
(and not the normalisation one) induced by the BDTr shape systematic and to introduce
one new nuisance parameter SysWbbCRSRextrap treated as correlated in all analysis
regions and in the 0-lepton and 1-lepton channels and controlling the extrapolation
uncertainties from the Low-AR CR and High-AR CR to the SR. This new NP is derived
as the sum in quadrature of the variations from the comparison between SHERPA 2.2.1
and MADGRAPH 5, the renormalization and factorization scales and the PDF variations,
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following the procedure explained in Section 6.7. Its values and relative signs are reported
in Table 6.23.

Table 6.23: Values of the NP priors controlling the extrapolation uncertainties from the
Low-AR CR and High-AR CR to the SR on the W+hf background in the 0-lepton and 1-lepton
channels and for the 2-jet and 3jet categories.

0-lepton 1-lepton
2-jet 3-jet 2-jet 3-jet
Low-ARCR to SR || -0.115 | -0.036 | -0.077 | -0.056
High-ARCR to SR || 0.148 | 0.051 | 0.149 | 0.070

Region

Additional control regions to signal region uncertainties for the Z+jets modelling
The my,;, shape systematic for the Z+jets background is derived in the inclusive 2-lepton,
SR+CRs, p‘T’ > 75 GeV and > 2-jets phase space, but removing the 80 < my, < 140 GeV
region around the VH and VZ processes in order to veto the signal events. Then, a fit to
the unit-normalised ratio between data and MC is performed in the sidebands. The NP
associated to this shape systematic is applied in an uncorrelated fashion in the medium
75 < p¥ < 150 GeV and the high + extreme p‘T’ > 150 GeV regions. However, when looking
at data/MC comparison in the 75 < p\T’ < 150 GeV region, a clear tension is observed,
with the events in the SR following the up m;, variation, and those in the Low-AR CR
going in the opposite direction. This is shown in Figure 6.43 where the m,,;, data and MC
distributions of the Z+jets background are drawn in the 75 < p\T’ < 150 GeV range, and in
the Low-AR CR (a) and SR (b). The red and blue histograms correspond to the up and
down variations of the m,,;, shape uncertainty, respectively. Since this tension resulted
to have a non-negligible effect on the 75 < p}’ < 150 GeV STXS bin relative to the ZH
process!4, it was decided to consider only the shape effect (and not the normalisation
one) induced by the m,,;, shape uncertainties accross different analysis regions.

As such, four new nuisance parameters were introduced to describe the extrapolation
uncertainties from the Low-AR CR and High-AR CR to the SR: those applied in the
high+extreme p\T’ regions and treated as correlated in all jet categories in the 0-lepton
channel and 2-lepton channel, and those applied only in the medium p¥ region of the
2-lepton channel and treated as correlated in the 2-jet and 3-jet categories. The extrapo-
lation uncertainties have been derived as the sum in quadrature of the variations from
the comparison between SHERPA 2.2.1 and MADGRAPH 5, the renormalization and factor-
ization scales and the PDF variations, following the procedure explained in Section 6.7.
Their values and relative sign are reported in Table 6.24.

14An Asimov dataset was created from scratch without including the Low-AR CR . Then, a fit was performed
on this Asimov dataset but using real data including the Low-AR CR .
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Figure 6.43: Figure (a) shows the my,;, distribution of the data and the MC Z+jets template
in the 75 < p¥ < 150 GeV, Low-AR CR , while Figure (b) shows the distributions in the
75 < p¥ < 150 GeV, SR. In both figures, the red and blue histograms corresponds to the up
and down my,;, shape variations derived in the inclusive 2-lepton, SR+CRs, p¥ > 75 GeV and
> 2—jets phase space. It can be seen that the data in the first two bins of Figure (a) follow
the trend of the down my,;, variation while the data in Figure (b) follow the up my, variation
in the full m;;, range. (Courtesy of Yohei Noguchi, Kyoto University, Department of Physics.)

Table 6.24: Values of the NP priors controlling the extrapolation uncertainties from the
Low-AR CR and High-AR CR to the SR on the Z+hf background in the 0-lepton and 2-lepton
channels and for the 2-jet and 3jet categories.

Name of the NP Region 0-lepton 2-lepton
2-jet 3-jet 2-jet 3-jet
SysZbbCRSRextrap_CRLow Low-ARCR to SR || -0.060 | -0.066 | -0.099 | -0.038
SysZbbCRSRextrap_CRHigh High-ARCR to SR || 0.038 | 0.039 | 0.027 | 0.041
SysZbbCRSRextrap_75-150_L2_ CRLow | Low-AR CR to SR - - -0.099 | -0.038
SysZbbCRSRextrap_75-150_L2_CRHigh | High-AR CR to SR - - 0.027 | 0.041
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6.14 Fit results

In this section, the results of the global likelihood fit to the data and to the Asimov
dataset for the VH,H — bb, VZ,Z — bb and di-jet mass analyses are presented.

6.14.1 Main VH,H — bb analysis

Post-fit distributions and yields tables The post-fit normalisation factors of the
unconstrained 7, W+hf and Z+hf backgrounds in the global likelihood fit are shown in
Table 6.25 and the post-fit signal and background yields are shown in Table 6.26 for
the 0-lepton channel and 1-lepton channels and in Table 6.27 for the 2-lepton channel.
Figures 6.44, 6.45 and 6.46 show the BDTyy output distributions in the SRs in the 2-jet
and 3-jet categories for the 0-lepton, 1-lepton and 2-lepton channels, respectively.

Table 6.25: Normalisation factors for the 17, W+hf, and Z+hf backgrounds, obtained from an
unconditional fit to the 13 TeV data for the main multivariate analysis. The errors represent
the combined statistical and systematic uncertainties [146].

Process and Category Normalisation factor
17 2-jet 0.98 +0.09
it 3-jet 0.93+0.06
W+hf 2-jet 1.06+0.11
W+hf 3-jet 1.15+0.09
Z+hf 2-jet, 75 < py. < 150 GeV 1.28 +0.08
Z+hf 3-jet, 75 < py < 150 GeV 1.17+0.05
Z+hf 2-jet, 150 GeV < pY. 1.16£0.07
Z+hf 3-jet, 150 GeV < pY 1.09+0.04

Figures 6.47 shows the p‘T’ distributions in the SRs in the 2-jet and 3-jet categories for
the 0-lepton (top), 1-lepton (middle) and 2-lepton (bottom) channels. Figures 6.48, 6.49
and 6.50 show the my,;, distributions in the SRs in the 2-jet and 3-jet for the 0-lepton,
1-lepton and 2-lepton channels, respectively.

Signal significance and signal strength u1 The measured uyy signal strength is:

b =1.02%012(stat.) 014 (syst.) (6.38)

which is 89% compatible with the Standard Model prediction of u = 1.

The expected significances from the Asimov dataset and the observed ones from the
full Run 2 dataset of the VH, H — bb signal in the three lepton channels separately and
combined are reported in Table 6.28.

The expected significances from the Asimov dataset and the observed ones from the
full Run 2 dataset for the WH and ZH processes in a combined fit with all three channels
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Table 6.26: Signal, background and data yields for each signal region in the 0-lepton and
1-lepton channels after the full event selection. The signal and background yields are
normalised to the results of the global likelihood fit. All systematic uncertainties are included
in the indicated uncertainties [146].

. . 0-lepton 0-lepton 1-lepton 1-lepton
Signal regions v T v 7
150 GeV< pr < 250 GeV pr > 250 GeV 150 GeV< pp < 250 GeV pr > 250 GeV

Sample 2-jet 3-jet 2-jet 3-jet 2-jet 3-jet 2-jet 3-jet

Z + jets 2846 £+ 80 3830 £ 160 338+13 533 +£23 102+ 5 207+ 11 10+ 1 25+ 2
W + jets 634+ 63 1500 £ 110 83+ 9 220£19 1850 £ 160 4080 270 353 £33 935 £ 69
Single top 237+35 770 £ 130 9+ 2 36+ 8 990 £ 160 3570 £ 600 70+ 15 313 £ 66
tt 1157+ 76 5470 £+ 220 39+ 5 151 +16 4600+£210 21030 £ 620 188 +£19 970 £ 58
Diboson 360 £ 55 333+ 79 86+ 13 T0+£17 229+ 57 264+ 83 57+15 68 £22
Multi-jet 130+ 47 24+ 14 16+£10 7+ 8
Total bkg. 5234+63 11910+ 100 554+ 15 1011+21 7899+ 82 29170+170 694 £+ 23 2318 +£42
Signal (1 = 1.02) 147+ 24 130+ 22 40+ 6 33+ 6 148+ 24 125+ 21 52+ 9 4+ 7
Data 5397 11875 578 1046 8044 29316 727 2378

Table 6.27: Signal, background and data yields for each signal region in the 2-lepton channel
after the full event selection. The signal and background yields are normalised to the results
of the global likelihood fit. The top background is derived from a data-driven approach from
the eu-CR data. All systematic uncertainties are included in the indicated uncertainties [146].

. . 2-lepton 2-lepton 2-lepton

Signal regions 7 v -

75 GeV< pr < 150 GeV 150 GeV< pr < 250 GeV pr > 250 GeV
Sample 2-jet >3-jet 2-jet >3-jet 2-jet >3-jet
Z + jets 5900 £ 100 11630+ 160 716 £ 19 2499 £+ 52 84+3 537+ 16
W + jets 1+ 0 6+ O <1 2+ 0 <1 <1
Top 3193+ 57 8796 £ 87 52+ 7 3894+ 19 1+1 15+ 4
Diboson 283+ 47 443+ 78 83+ 14 169+ 30 20+4 52+ 10
Total bkg. 9378 £ 86 208804130 851419 3058 £ 44 106 +£4 605+ 14
Signal (u = 1.02) 78+ 14 106+ 21 34+ 6 59+ 12 10£2 18+ 3
Data 9463 20927 881 3148 123 614

Table 6.28: Expected significances from the Asimov dataset and the observed ones from
the full Run 2 dataset for a single signal strength uyy, or three corresponding to the three
lepton channels.

Channel || Expected sig. | Observed sig.

MVA VH analysis
OL 4.1 4.4
1L 4.1 4.0
2L 4.3 4.2
OL+1L+2L 6.7 6.7
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Figure 6.44: Post-fit distributions of the BDTy discriminant in the 0-lepton channel for
2-b-tag, 2-jet (on the left) and 3-jet (on the right) events and for the 150 < p¥ < 250 GeV
(top) and p‘T’ > 250 GeV (bottom) regions. The black dots correspond to the 139 fb~! of Run
2 data collected at +/s = 13 TeV while the background prediction is shown by the coloured
stacked histograms. The Higgs boson signal (my = 125 GeV) is shown as a filled red histogram
and normalised to the signal strength extracted from data (u = 1.02), and unstacked scaled
by the factor indicated in the legend to illustrate the signal shape. The dashed histogram
corresponds to the sum of the MC predictions of all backgrounds before the fit. 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 bottom pad shows the ratio of the data to
the combined post-fit signal and backgrounds [146].
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Figure 6.45: Post-fit distributions of the BDTyy discriminant in the 1-lepton channel for
2-b-tag, 2-jet (on the left) and 3-jet (on the right) events and for the 150 < p\T’ < 250 GeV
(top) and p¥ > 250 GeV (bottom) regions. The black dots correspond to the 139 fb~! of Run
2 data collected at +/s = 13 TeV while the background prediction is shown by the coloured
stacked histograms. The Higgs boson signal (my = 125 GeV) is shown as a filled red histogram
and normalised to the signal strength extracted from data (u = 1.02), and unstacked scaled
by the factor indicated in the legend to illustrate the signal shape. The dashed histogram
corresponds to the sum of the MC predictions of all backgrounds before the fit. 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 bottom pad shows the ratio of the data to
the combined post-fit signal and backgrounds [146].
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Figure 6.46: Post-fit distributions of the BDTyy discriminant in the 2-lepton channel for
2-b-tag, 2-jet (on the left) and 3-jet (on the right) events and for the 75 < p¥ < 150 GeV (top),
150 < p¥ <250 GeV (middle) and p‘T’ > 250 GeV (bottom) regions. The black dots correspond
to the 139 fb~! of Run 2 data collected at +/s = 13 TeV while the background prediction is
shown by the coloured stacked histograms. The Higgs boson signal (my = 125 GeV) is shown
as a filled red histogram and normalised to the signal strength extracted from data (u = 1.02),
and unstacked scaled by the factor indicated in the legend to illustrate the signal shape. The
dashed histogram corresponds to the sum of the MC predictions of all backgrounds before
the fit. 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 bottom pad shows the
ratio of the data to the combined post-fit signal and backgrounds [146].



212 6 Measurement of the H — bb decay in the VH production

> — T — T T > — T L s S BN
8 ATLAS —e— Data B ] 8 ATLAS —e— Data B
p=¢ - 4 B VH, H - bb (u=1.02) o N . B VH. H - bb (1=1.02) 3
2 fs=13 Tey, 139 fbo [ Diboson 2 (s=13 Tey. 139 fb [ Diboson E
— 0 lepton, 2 jets, 2 b-tags & — - 0 lepton, 3 jets, 2 b-tags T ]
%) I Single top E o I Single top N
S Bl W+ets ] S Wl W+ets E
|_|>_| Il Z+jets T |_|>J Il Z+jets =
Uncertainty — Uncertainty B
..... Pre-fit background 3 «=us Pre-fit background _|
— VH,H ~ bb x 30 | —— VH,H - bb x 60 3
10
_61'5:,””“H“HH“H‘#‘H‘? S 15 T R B B
I 1. PO - « e L bbb b
B E Ran e = P e '?'++ _+_ H E E F Eanandl Y _+_ e ab "
80.5—””\””\””\””HH* 80.5—‘H‘\HH\HH\HH\HH—
150 200 250 300 350 400 150 200 250 300 350 400
ETS [GeV] ETS [GeV]
> — T — T T > — T — T T
8 ATLAS —e-Data B & [ ATLAS —e- Data i
= (s =13 TeV, 139 fb* I VHLH - bb (4=1.02) o 0E Goiatev, 130 m? B VH, H - bb (1=1.02)
oS [ Diboson o % Diboson
= 1 lepton, 2 jets, 2 b-tags i — 1lepton, 3 jets, 2 b-tags i
i) [ Single top §2) [ Single top
S Multijet S Multijet
|_|>J Il W+ijets Lﬁ Il W+ijets
Il Z+jets Il Z+jets
Uncertainty Uncertainty
----- Pre-fit background «=se: Pre-fit background
— VH,H - bb x20 — VH,H — bb x 90
_0-1_5?\\\\‘\\\\‘\\\\‘\\\\‘\\\\i S15FT T L LA B
s 1 PRI SRR S W . £ 1 b PP S S RN
3 E - e S r“?"?‘ -+-T i 3 E - AR = S Shlae
WOS5E. vl e WO5E. v v vl e e A
8 150 200 250 300 350 400 8 150 200 250 300 350 400
pY [GeV] pY [GeV]
> e B R LA o o o o e e T LA S N B o > S B
8 L ATLAS —e— Data B 8 10 E ATLAS —e— Data B E|
o Sl _ B Bl VH, H — bb (u=1.02) > E 4 Bl VH, H — bb (u=1.02) J
2 10 E E—lSTeV,‘13be [ Diboson 2 [ {s=13TeV, 1§9fb [ Diboson ]
o | 2leptons, 2 jets, 2 b-tags B Z+ets - 10°E 2leptons, 23jets, 2b-tags g 7jers -
2 4l Top 2 E Top 3
5 UE s 5 I I vsjets ]
o = Uncertainty o 10°L Uncertainty _
S, Pre-fit background Eaas 0w Pre-fit background 3
10°E —VH,H — bb x40 — VH,H - bb x90 3
E 10°E =
10°E & 3
C 2; .
10 10° 2
L 10
1g S I B
_0-1_57,”\\H‘HH‘HH‘H*‘\_L*WH% B = e B A B B
@ E 3 9] E E
R R S ey I S A S
= LTh - + ]
80.5—"\HH\HH\HH\HH\HHHuf 80.5—"\"HmH‘\HH\HH\HH\HH
100 150 200 250 300 350 400 100 150 200 250 300 350 400
pY [GeV] pY [GeV]

Figure 6.47: Post-fit distributions of the p‘T’ variable in the 0-lepton (top), 1-lepton (middle)
and 2-lepton (bottom) channels for 2-b-tag, 2-jet (on the left) and 3-jet (on the right) events
and inclusively in pT > 150 GeV for the 0-lepton and 1-lepton channels, and in pV > 75 GeV
for the 2-lepton channel. The black dots correspond to the 139 fb~! of Run 2 data collected at
/s = 13 TeV while the background prediction is shown by the coloured stacked histograms.
The Higgs boson signal (my = 125 GeV) is shown as a filled red histogram and normalised
to the signal strength extracted from data (u = 1.02), and unstacked scaled by the factor
indicated in the legend to illustrate the signal shape. The dashed histogram corresponds to
the sum of the MC predictions of all backgrounds before the fit. 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 bottom pad shows the ratio of the data to the combined
post-fit signal and backgrounds [146].
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Figure 6.48: Post-fit distributions of the m;,;, variable in the 0-lepton channel for 2-5-tag,
2-jet (on the left) and 3-jet (on the right) events and for the 150 < p¥ <250 GeV (top) and p¥
> 250 GeV (bottom) regions. The black dots correspond to the 139 fb~! of Run 2 data collected
at /s = 13 TeV while the background prediction is shown by the coloured stacked histograms.
The Higgs boson signal (mg = 125 GeV) is shown as a filled red histogram and normalised
to the signal strength extracted from data (u = 1.02), and unstacked scaled by the factor
indicated in the legend to illustrate the signal shape. The dashed histogram corresponds to
the sum of the MC predictions of all backgrounds before the fit. 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 bottom pad shows the ratio of the data to the combined
post-fit signal and backgrounds [146].
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Figure 6.49: Post-fit distributions of the m,, variable in the 1-lepton channel for 2-5-tag,
2-jet (on the left) and 3-jet (on the right) events and for the 150 < p‘T’ <250 GeV (top) and p\T’
> 250 GeV (bottom) regions. The black dots correspond to the 139 fb~! of Run 2 data collected
at +/s = 13 TeV while the background prediction is shown by the coloured stacked histograms.
The Higgs boson signal (my = 125 GeV) is shown as a filled red histogram and normalised
to the signal strength extracted from data (u = 1.02), and unstacked scaled by the factor
indicated in the legend to illustrate the signal shape. The dashed histogram corresponds to
the sum of the MC predictions of all backgrounds before the fit. 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 bottom pad shows the ratio of the data to the combined
post-fit signal and backgrounds [146].
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Figure 6.50: Post-fit distributions of the m;,;, variable in the 2-lepton channel for 2-5-tag,
2-jet (on the left) and 3-jet (on the right) events and for the 75 < p,‘r’ <150 GeV (top), 150 <

p¥ <250 GeV (middle) and p,‘r’ > 250 GeV (bottom) regions. The black dots correspond to the
139 fb~! of Run 2 data collected at +/s = 13 TeV while the background prediction is shown

by the coloured stacked histograms. The Higgs boson signal (my =

125 GeV) is shown as a

filled red histogram and normalised to the signal strength extracted from data (u = 1.02),
and unstacked scaled by the factor indicated in the legend to illustrate the signal shape. The
dashed histogram corresponds to the sum of the MC predictions of all backgrounds before
the fit. 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 bottom pad shows the
ratio of the data to the combined post-fit signal and backgrounds [146].
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and with two parameters of interests, uwy and uzy are reported in Table 6.29.

Table 6.29: Expected significances from the Asimov dataset and the observed ones from
the full Run 2 dataset for the WH and ZH processes in a combined fit with all three channels
and with two parameters of interests, uwy and uzy.

Channel || Expected sig. | Observed sig.

MVA VH analysis
WH 4.1 4.0
ZH 5.1 5.3

Observation of the ZH process can be claimed, together with a strong evidence of the
WH production mode.

In Figure 6.51 (a), the signal strength from the unconditional fit to the data in all
three channels combined is compared to the case where a signal strength parameter
is left floating, independently, for each lepton channel. A very good compatibility of
92% is found between the combined signal strength and those in each individual lepton
channel. Figure 6.51 (b) shows the case where a signal strength parameter is left floating
independently for each signal process, WH and ZH. A compatibility of 71% is observed
between the combined and the individual signal strengths.
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Figure 6.51: Figure (a) shows the comparison between the y value obtained from a fit to
the three lepton channels combined, with the case where a signal strength is left floating
independently for each lepton channel. Figure (b) shows the case a signal strength is left
floating independently for each signal process WH and ZH [146].

In Figure 6.52 the events for both data and MC prediction are ordered as a function of
log;((S/B), with S (B) the signal (background) yield in each bin, after applying the global
likelihood fit results. In the lower panel, the pull corresponds to the difference between
data and background-only model, divided by the statistical uncertainty. The full red
line indicates the pull expected for a signal + background hypothesis. A nice excess is
observed at high values of log,,(S/B).
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Figure 6.52: The event yields of each bin of the BDTyy discriminants are ordered as a
function of log,,(S/B), with S (B) the signal (background) yield in each bin, after applying
the global likelihood fit results. The signal contribution is rescaled by the signal strength
obtained from an unconditional fit to the Run 2 data. In the lower panel, the pull of the data
relative to the background-only hypothesis is shown with statistical error only. The red line
indicates the pull expected for a signal+background hypothesis [146].
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Nuisance parameters ranking and breakdown To evaluate the impact of the sys-
tematic uncertainties on the total uncertainty on the signal strength, Ay, the ranking
and breakdown methods are used.

Table 6.30 shows the impact of each group of systematic uncertainties on the fitted
combined signal strength, uyy, calculated using the breakdown method. It can be seen
that the analysis is systematically dominated and the largest contributions arise from
the systematics on the jets, on the b-tagging, and on the modelling of the signal and
W+jets background. This is reflected in Figure 6.53 which shows the nuisance parameters
having an impact on the VH signal strength. The largest impact among the experimental
systematics is coming from the b-tagging uncertainties and those related to the jets.
On the modelling side, the BDTr shape systematic on the W+jets background shows
a significant impact on Au, being the second ranked systematic. Also the modelling

of 17, Z+jets and diboson backgrounds have a significant impact, as well as the theory
uncertainties.
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Figure 6.53: Impact of the systematic uncertainties on the VH signal strength. The system-
atic uncertainties are listed in decreasing order of their impact on u when evaluated using
the ranking method. The blue boxes show the upwards and downwards variations, with the
impact referring to the top x-axis. The filled circles, referring to the bottom x-axis, show the
deviations of the fitted nuisance parameters § from their nominal values 6, [146].
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Table 6.30: Breakdown of the contributions to the total uncertainty on the VH signal
strength measurements. The sum in quadrature of the systematic uncertainties relative to
the different sources differs from the total systematic uncertainty due to correlations. [146].

. 0'#

Source of uncertainty VI ‘ WH  zH
Total 0.177 | 0.260 0.240
Statistical 0.115 | 0.182 0.171
Systematic 0.134 | 0.186 0.168
Statistical uncertainties
Data statistical 0.108 | 0.171 0.157
tf eu control region 0.014 | 0.003 0.026
Floating normalisations 0.034 | 0.061 0.045
Experimental uncertainties
]ets 0.043 | 0.050 0.057
Efrmss 0.015 | 0.045 0.013
Leptons 0.004 | 0.015 0.005

b-jets 0.045 | 0.025 0.064
b-tagging c-jets 0.035 | 0.068 0.010

light-flavour jets  0.009 | 0.004 0.014
Pile-up 0.003 | 0.002 0.007
Luminosity 0.016 | 0.016 0.016
Theoretical and modelling uncertainties
Signal 0.072 | 0.060 0.107
Z +jets 0.032 | 0.013 0.059
W + jets 0.040 | 0.079 0.009
tr 0.021 | 0.046 0.029
Single top quark 0.019 | 0.048 0.015
Diboson 0.033 | 0.033 0.039
Multi-jet 0.005 | 0.017 0.005
MC statistical 0.031 | 0.055 0.038
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Cross section measurement in the STXS framework Following the description of
the STXS scheme in Section 6.8.1, the cross section times branching ratio is measured
through a global likelihood fit with five POIs, two for the WH process in the 150 < p¥ <250
GeV and p‘T’ > 250 GeV regions, and three for the ZH process in the 75 < p‘T’ < 150 GeV,
150 < p‘T’ <250 GeV and p‘T’ > 250 GeV regions. The results of these measurements are
reported in Table 6.31. Figure 6.54 shows the compatibility between the measured values
and the theoretical prediction; very good sensitivity (more than 30) can be observed in
the WH py. > 250 GeV, ZH 150 < p}. <250 GeV and pY. > 250 GeV bins.

Table 6.31: Best-fit values and uncertainties for the VH, H — bb cross-section times the
H — bb BR and the V —leptons BR, in the STXS scheme. Four contributions are accounted
for in the total uncertainty and are shown separately: the statistical uncertainty (Stat. unc.),
the experimental uncertainties (Exp.) and uncertainties from the signal (Th. sig.) and
background (Th. bkg.) modelling. The total systematic uncertainty, equal to the difference
in quadrature between the total uncertainty and the statistical one, differs from the sum
in quadrature of the signal, backgrounds and experimental uncertainties due to correla-
tions [146].

STXS region SM prediction Result Stat. unc. Syst. unc. [fb]
Process  p;’" interval [fb] [fb] [fb] Th. sig. Th.bkg.  Exp.
W(v)H  150-250GeV 240 + 1.1 || 190 =+ 121 |« 77 + 09 £ 55 = 6.0
W(tv)H > 250 GeV 71 + 03 72 = 22|+ 19 + 04 + 08 + 0.7

Z(te/vww)yH 75-150GeV  50.6 + 4.1 || 425 + 359 | + 253 + 56 + 172 =+ 19.7
Zt/yw)H 150-250GeV 188 + 24 | 205 + 62|+ 50 = 23 = 24 = 23
Z(t/vw)H >250 GeV 49 + 05 54 + 17|+ 15 £ 05 « 05 = 03

o) E 3
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Figure 6.54: Measured VH, H — bb cross-sections times the # — bb BR and the V —leptons
BR in the stage 1.2 STXS scheme [146].
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6.14.2 Diboson VZ,Z — bb cross-check analysis

In this section, the results form the VZ,Z — bb analysis, with the BDTy, output as
discriminant of the global likelihood fit, are presented. The event selection, as well
as the definition of fit regions and the systematic uncertainties, are identical to those
used for the main VH, H — bb analysis. The VH, H — bb signal is added as a background
process normalised to the predicted SM cross section with a prior uncertainty of 50%
to encompass the measurement and uncertainty performed in the H — bb observation
publication [13].

Post-fit distributions Figures 6.55, 6.56 and 6.57 show the BDTy; output distribu-
tions in the SRs in the 2-jet and 3-jet for the 0-lepton, 1-lepton and 2-lepton channels,
respectively.

Signal significance and signal strength ¢ The measured signal strength and the
associated uncertainty is:

1o, =0.93* 007 (stat.) 013 (syst.) (6.39)

In Figure 6.58 (a) the signal strength from the unconditional fit to the data in all three
channels combined is compared to the case where a signal strength parameter is left
floating, independently, for each lepton channel. A compatibility of 52% is found between
the combined signal strength and those obtained in each lepton channel. Figure 6.58 (b)
shows the case where a signal strength parameter is left floating independently for each
signal process, WZ and ZZ. The compatibility between the two measurements and the
combined one is 27%.

6.14.3 VH,H — bb di-jet mass analysis

In this section, the results of a global likelihood fit with the m,,, distribution as discrimi-
nant are presented. The event selection, as well as the definition of the fit regions and the
systematic uncertainties, are identical to those used for the main VH, H — bb analysis.
The measured signal strength and the associated uncertainty is:

b = 1177923 = 1.17+0.16(stat.) "3 12 (syst.). (6.40)

This is different from the one derived in the main MV analysis, which was used in the
my;, post-fit plots shown in Section 6.14.1, but the two are in good agreement.

The background-only hypothesis is rejected with an observed significance of 5.5¢,
compared to an expectation of 4.9¢0-. Therefore, the observation of the VH, H — bb signal
with the di-jet mass analysis can be claimed. It has to be noted, though, that the di-jet
mass analysis is 40% less sensitive than the main MV analysis.

Figure 6.59 shows the post-fit m,, distribution summed over all channels and regions,
weighted by their respective ratio of the fitted signal yield to the background yield, S/B
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Figure 6.55: Post-fit distributions of the BDTy; discriminant in the 0-lepton channel for
2-b-tag, 2-jet (on the left) and 3-jet (on the right) events and for the 150 < p¥ <250 GeV (top)
and p‘T’ > 250 GeV (bottom) regions. The black dots correspond to the 139 fb~! of Run 2 data
collected at /s = 13 TeV while the background prediction is shown by the coloured stacked
histograms. The diboson signal is shown as a filled grey histogram and normalised to the
signal strength extracted from data (u = 0.93), and unstacked scaled by the factor indicated
in the legend to illustrate its shape. The dashed histogram corresponds to the sum of the
MC predictions of all backgrounds before the fit. 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 bottom pad shows the ratio of the data to the combined post-fit signal
and backgrounds [146].
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Figure 6.56: Post-fit distributions of the BDTy discriminant in the 1-lepton channel for
2-b-tag, 2-jet (on the left) and 3-jet (on the right) events and for the 150 < p¥ <250 GeV (top)
and p¥ > 250 GeV (bottom) regions. The black dots correspond to the 139 fb~! of Run 2 data
collected at +/s = 13 TeV while the background prediction is shown by the coloured stacked
histograms. The diboson signal is shown as a filled grey histogram and normalised to the
signal strength extracted from data (u = 0.93), and unstacked scaled by the factor indicated
in the legend to illustrate its shape. The dashed histogram corresponds to the sum of the
MC predictions of all backgrounds before the fit. 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 bottom pad shows the ratio of the data to the combined post-fit signal
and backgrounds [146].
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Figure 6.57: Post-fit distributions of the BDTy discriminant in the 2-lepton channel for
2-b-tag, 2-jet (on the left) and 3-jet (on the right) events and for the 75 < p¥ < 150 GeV (top)
150 < p‘T’ <250 GeV (middle) and p¥ > 250 GeV (bottom) regions. The black dots correspond to
the 139 fb~! of Run 2 data collected at +/s = 13 TeV while the background prediction is shown
by the coloured stacked histograms. The diboson signal is shown as a filled grey histogram
and normalised to the signal strength extracted from data (u = 0.93), and unstacked scaled by
the factor indicated in the legend to illustrate its shape. The dashed histogram corresponds
to the sum of the MC predictions of all backgrounds before the fit. 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 bottom pad shows the ratio of the data to the combined
post-fit signal and backgrounds [146].
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Figure 6.58: Figure (a) shows the comparison between the u value obtained from a fit to
the three lepton channels combined, with the case where a signal strength is left floating
independently for each lepton channel. Figure (b) shows the case a signal strength is left
floating independently for each signal process WZ and ZZ [146].

and after the subtraction of all the backgrounds, except for the WZ and ZZ processes. Two
nice peaks can be observed, the grey one being the diboson peak and the red one being
the VH, H — bb signal peak. Good agreement is found between data and MC prediction.
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Figure 6.59: The distribution of my,;, in data after subtraction of all backgrounds except
for the WZ and ZZ diboson processes. All lepton channels, p\T’ regions and jet categories
are weighted by their respective S/B ratio, with S (B) being the signal (background) fitted
yield in that region, and then summed together. The expected contribution of the WH
and ZH processes is shown scaled by the signal strength (u = 1.17) measured in the di-jet
mass analysis. The size of the combined statistical and systematic uncertainty for the fitted
background is indicated by the hatched band [146].
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The observation of the dominant Higgs boson decay mode to a pair of »-quarks in 2018
represented a further validation of the Standard Model (SM) predictions. At the same
time, it raised the percentage of observed Higgs boson decays to ~ 88%, thus leaving
very little space for new physics beyond the SM in the Higgs sector. However, deviations
are still possible in the rate at which the Higgs bosons are produced at high transverse
momentum, where the sensitivity to new physics processes is higher.

This thesis described the measurement of the Higgs boson decaying to a pair of b-
quarks produced in association with a W or Z boson, whose results were published in
Ref. [146]. The analysis targets the leptonic decays of W and Z in order to suppress the
large background from multi-jet production, and it is performed in the high pr regime
in order to have a better signal over background ratio. Several SM backgrounds, arising
from top quark and vector boson production, make this measurement very challenging.

The main handle to discriminate between the signal from the sum of all backgrounds
is the invariant mass, m,;, of the two b-jets in the final state. The analysis performed
using this single variable as discriminant is referred to as di-jet mass analysis. This is
used as a cross-check to a multivariate technique using a Boosted Decision Tree (BDT) to
enhance the signal over background ratio by making use of other kinematic variables that
show significant differences between the signal and the backgrounds. Two sets of BDT
are constructed, the nominal BDTyy is used to separate the VH, H — bb signal from the
sum of the expected backgrounds, while the second one (BDTy ;) is used to validate the
analysis strategy and the background modelling of the main analysis by extracting the
VZ,Z — bb process. In both cases, the output distributions of the multivariate analyses
are used as discriminants to a binned maximum-likelihood fit which allows the signal
yield and the background normalisations to be extracted.

The associated production of a W boson with jets, W+jets, represents one of the main
backgrounds of this analysis, contributing mostly in the 1-lepton channel. In the H — bb
observation analysis, the shape uncertainty associated to the vector boson transverse
momentum (p¥) distribution of this background was found to have the largest impact
on the total uncertainty on the signal strength Au. Studies performed in the 1-lepton
channel demonstrated that using p‘T’ as fit discriminant in the control regions reduced the
impact of the relative shape systematic on Au by ~60%, improving the analysis sensitivity
in the 1-lepton channel by ~9%. It was therefore decided to adopt the p‘T’ distribution as
fit discriminant in all analysis control regions.

Improvements in the technique used to derive the W+jets shape uncertainties were
also presented. Instead of deriving them from the ratio of different MC predictions
of the my;, and p¥ distributions, the two main variables entering BDTyy, a BDT-based
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reweighting procedure was employed, making use of all the kinematic variables entering
the final BDTyy. This approach was demonstrated to parametrise the analysis phase
space in a coherent and correlated fashion and to capture the differences between the
generators’ predictions in almost all corners of the phase space.

The best fit value of the signal strength of y/?2,, = 1.02+012(stat.)* )13 (syst.) was measured
with an observed (expected) significance of 6.7¢ (6.70). The production of the Higgs
boson in association with a Z or W boson, separately, is measured with an observed
(expected) significance of 5.3 (5.1) and 4.0 (4.1) standard deviations, respectively, allowing
to claim the observation of ZH production and evidence for WH production.

The cross section is measured as a function of the vector boson transverse momentum
in the context of the Simplified Template Cross Section framework. This maximises the
sensitivity of the measurements while minimising the dependence on the theoretical
prediction and, at the same time, provides a common framework for the combination of
measurements in different decay channels, as well as among different experiments. The
measured values of the differential cross section were found to be all consistent with the
Standard Model expectations.

As in the VH, H — bb analysis, many other analyses utilize b-quarks in the final state.
Therefore, the correct identification of the jets originating from »-quarks represents a
fundamental task for the ATLAS experiment. In this thesis, two topics were discussed:
the studies of the effect of the b- and c-hadron interactions with the ATLAS pixel detector
material and the development of a tagging algorithm for very energetic b-jets.

The current version of the GEANT4 software used in the ATLAS simulation does not take
into account the direct interaction of b- and c-hadrons with the pixel detector material,
but only that of their decay products. A b-hadron with a high transverse momentum
is likely to decay after one or more pixel layers, possibly interacting with the material
and leaving a hit before decaying. This hit could be mistakenly associated to the track
of one of the b-hadron decay products, causing a distortion of the track itself. The size
of the impact of this effect was evaluated on b-tagging related variables and on the
b-tagging efficiency at high pr. Some of these studied have been published in Ref. [141].
Furthermore, extrapolation uncertainties on the b-tagging efficiency have been derived
as a function of the jet pr.

The b-tagging efficiency is expected to significantly decrease for very energetic b-
hadrons decaying far from the primary vertex. Primary because the track reconstruction
efficiency decreases as a function of the b-hadron transverse decay length, but also
because the decay products of energetic b-hadrons are very collimated, resulting in an
ambiguous hit-to-track association. Profiting from the high spatial resolution of the
pixel detector, a small cone around the jet axis can be used to count the hits in between
pixel layers. Preliminary studies of the performance of this new algorithm have been
presented but more detailed investigation will be needed to assess if this new approach
can be used to complement the track-based b-tagging algorithms in order to improve
high pr performances.



Contributions

Most of the material presented in this thesis is based on work performed within the
ATLAS Collaboration. Thus, it is typically created from the contributions of many people
and cannot be attributed to a single person. The figures and plots containing an ATLAS
or ATLAS Preliminary label were created in the context of ATLAS papers or conference
notes. All plots without dedicated ATLAS or ATLAS Preliminary labels are private work
done by the author of this thesis or, when indicated in the caption, come from private
communication with members of the VH, H — bb analysis. The publications with a signifi-
cant contribution from the author of this thesis and the details about these contributions
are indicated in this section.

« Studies of the b-hadron interactions with the pixel detector material:
Debugging of the first version of the quasi-stable simulation ever implemented,
in close collaboration with the ATLAS Simulation Working Group [143] and the
ATLAS Flavour Tagging Working Group [142].

Studies on the effect of the quasi-stable simulation on b-tagging related variables
and on the performance of both low-level and high-level taggers in the estimation
of the b-tagging efficiency for all official b-tagging working points. Some of these
studies have been published in Ref. [141].

Estimation of extrapolation uncertainties on the b-tagging efficiency evaluated
for the DL1r tagger as a function of the jet py through a comparison between the
ATLAS standard simulation and the quasi-stable one.

» Trackless b-tagging for very energetic jets:
Implementation of the trackless b-tagging related variables in the official frame-
work of the Flavour Tagging Working Group.
Studies related to the idea of building an algorithm based not only on the informa-
tion on the number of hits in the pixel layers, but also on the angular distribution
of the hits inside the defined pixel cone.
Estimation of the b-tagging efficiency using the “max_trackless” discriminant and
first attempt of evaluating its improvement in tagging high pr jets with respect to
the track-based b-tagging algorithms.
Studies of the impact of b-hadron interactions with the pixel detector on the track-
less b-tagging algorithm performance.

 Observation of H — bb decays and VH production with the ATLAS detector:
Modelling of the W+jets background with the estimation of normalization and
acceptance uncertainties, and the definition of shape uncertainties using a 1-
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Contributions

dimensional approach. The results of this analysis have been published in Ref. [13].
Exploit W-charge asymmetry to test different W+jets models with higher accuracy.
These studies are reported in Appendix B.6.

Measurement of the H — bb decay in association with a Vector Boson:
Editor of the internal note “Data/Monte Carlo Modelling Studies for the Standard
Model VH, H — bb Analysis” for the full Run 2 publication.

Studies on the implementation of the p¥ distribution as fit discriminant in all
control regions of the analysis.

Modelling of the W+jets background with the estimation of normalization and
acceptance uncertainties, and the implementation of a novel approach to estimate
the shape uncertainties using a BDT-based reweighting procedure.

Studies on the treatment of the nuisance parameters associated to the modelling
uncertainties related to the W+jets and ¢ backgrounds in the fit model.
Derivation of all fit results shown in this thesis, with the exception of the STXS cross
section measurement, for the main VH, H — bb analysis, as well as the cross-check
VZ,Z — bb and di-jet mass analyses.

The results of this analysis have been published in Ref. [146].
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Appendix

A Additional material for the b-hadron interactions with the
pixel detector

A.1 The issue of the higher lifetimes of neutral b-hadrons

In the quasi-stable simulation, the neutral b-hadrons have larger lifetimes with respect
to the standard simulation. This is due to the fact that during the event generation step,
the oscillation vertex of the neutral b-hadron'” is added immediately before its decay
vertex. However, during the quasi-stable simulation, the oscillation vertex is artificially
positioned at the middle of the flight path and moved back on top of the decay vertex
after the simulation is complete. In this way, GEANT4 does not immediately decay the
b-hadron as it should but rather propagates it, artificially increasing its lifetime [212]. A
schematic view of this issue is shown in Figure A.60.

D, D+ / Dt
RBO BO _ B0 éﬂ/

(b) Quasi-stable simulation (c) Truth record used in reconstruction

Figure A.60: Figure (a) shows how neutral b-hadrons undergoing oscillation are treated in
the event generation in which the oscillation vertex is placed immediately before the decay
vertex. During the quasi-stable simulation the oscillation vertex is placed at the middle
of the b-hadron flight path, as shown in (b). However, once the simulation is finished, the
oscillation vertex is moved back on top of the decay vertex, as in (c), and this truth value of
L,y is passed to the digitization and reconstruction step.

To overcome this issue a fix in the GEANT4 software has been implemented to place
the oscillation vertex on top of the decay one during and at the end of the quasi-stable
simulation step. This way, the truth record of L,, saved in the hits file is expected to be

150ther long-lived particles (such as =°) are affected by this issue and subjected to the same correction as
the b-hadrons.
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identical to the one stored in the case of the standard ATLAS simulation. However, a
residual ~ 8% effect was found and it is still under investigation.

A.2 Performance of high-level b-tagging discriminants

Efficiency at the 77% working point of the tagger

Figure A.61 shows the b-tagging efficiency at the 77% WP of the MV2c10 discriminant
as a function of the jet pr and the b-hadron L,,, separately for charged and neutral

b-hadrons.
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Figure A.61: b-tagging efficiency at the 77% WP of the MV2c10 tagger, as a function of the
jet pr for charged (a) and neutral (b) b-hadrons, and the b-hadron L,, for charged (c) and
neutral (d) b-hadrons.

Figure A.62 shows the b-tagging efficiency at the 77% WP of the DL1 discriminant as a
function of the jet pr and the b-hadron L,,, separately for charged and neutral b-hadrons.
Figure A.63 shows the b-tagging efficiency at the 77% WP of the DL1r discriminant as a
function of the jet pr and the b-hadron L,,, separately for charged and neutral b-hadrons.

Efficiency at the 85% working point of the tagger

Figure A.64 shows the b-tagging efficiency at the 85% WP of the MV2c10 discriminant
as a function of the jet pr and the b-hadron L,,, separately for charged and neutral
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Figure A.62: b-tagging efficiency at the 77% WP of the DL1 tagger, as a function of the
jet pr for charged (a) and neutral (b) b-hadrons, and the b-hadron L,, for charged (c) and
neutral (d) b-hadrons.
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Figure A.63: b-tagging efficiency at the 77% WP of the DL1r tagger, as a function of the
jet pr for charged (a) and neutral (b) b-hadrons, and the b-hadron L,, for charged (c) and
neutral (d) b-hadrons.



A Additional material for the b-hadron interactions with the pixel detector 253

b-hadrons.
o 1_4: T T T T T T e o F T T T T T T 3
2 | ,E Simulation —— Standard 3 2 | ;E Simulation —— Standard =
5 12E Z'sample up to 5 TeV istabl E 5 F Z'sampleupto5 TeV istabl 3
LE —— Quasi-stable — 12— . —— Quasi-stable —
S TE jetp.>20GeV,|n|<25 Q 3 S ME jetp.>20GeV,|n|<25 Q 3
o 11" T — @ g4 T =
® E charged b-hadrons 3 ® £ neutral b-hadrons E
S E = S 1 -
& o9 3 & E 3
e R E
0.8 — = Eem = E
E = E 0.8— ——— —
0.7 == — E T E
E I 07fE- Te— -
0.6 | | = E | | I | e
o .12 o .11
= 115 -3 = 1.08F =
S 11 3 S 1065 =
1.05E — 1.04E =
| R TG oaa  EE I L L L L L L e e PER P EEREEERRRRRRE e, T02E; E
005E o E 1 E S O
05 T e e E 0.98E E
0.85E - 0.96 - =
0.8 — 0.94E =
0J5E ‘ ‘ ‘ ‘ ‘ 3 082E ‘ ‘ ‘ ‘ ‘
o 500 1000 1500 2000 2500 3000 %0 500 1000 1500 2000 2500 3000
jet P [GeV] jet P, [GeV]
(a) Charged b-hadrons (b) Neutral b-hadrons
o 140 T T T T T T = o = T T T T T T E
2 L,E Simulation — Standard 3 2 1= Simulation —— Standard =
£ 135 2 cample up to 5 Tev ton 3 % 0.95 7' sample up to 5 TeV stabl =
1.2 . —— Quasi-stable —J E . —— Quasi-stable =
S L 1E Ietp > 20GeV, [n|<25 Q E S 09E-jetp >20GeV, |n|<25 Q =
ee} [ — [<e] E E
® E charged b-hadrons 3 ® 0.85 = neutral b-hadrons —
s = = S E E
g 09E- [BL ,BL {Pix1 | Pix2 = éo‘ oi:;w*:,., 8L 8L { Pix1 | Pix2 E
s o0 8?---—... o : —; s E : Hartiegr. | i 3
0.7F e = 0.7 * 3 =
06E- | end] 065 e | =
E E E -+ o]
055 Forere e eraporerrer] 0.6 L ooyt oI
I e e g N E
S 0955 E S IoE E
0.9E cie E 1156 E
0.85F- R 110-51: E
0.8E- . O e R rarrepber
0.75E E 09oE e aE .
0720 40 60 80 100 120 140 160 180 200 0% ~"20 40 60 80 100 120 140 160 180 200
b-hadron L, [mm] b-hadron L, [mm]
(c) Charged b-hadrons (d) Neutral b-hadrons

Figure A.64: b-tagging efficiency at the 85% WP of the MV2c10 tagger, as a function of the
jet pr for charged (a) and neutral (b) b-hadrons, and the b-hadron L,, for charged (c) and
neutral (d) b-hadrons.

Figure A.65 shows the b-tagging efficiency at the 85% WP of the DL1 discriminant as a
function of the jet pr and the b-hadron L,,, separately for charged and neutral b-hadrons.
Figure A.66 shows the b-tagging efficiency at the 85% WP of the DL1r discriminant as a
function of the jet pr and the b-hadron L,,, separately for charged and neutral b-hadrons.
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Figure A.65: b-tagging efficiency at the 85% WP of the DL1 tagger, as a function of the
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Figure A.66: b-tagging efficiency at the 85% WP of the DL1r tagger, as a function of the
jet pr for charged (a) and neutral (b) b-hadrons, and the b-hadron L,, for charged (c) and
neutral (d) b-hadrons.






B Additional material for the W+jets modelling systematics 257

B Additional material for the W + jets modelling systematics

B.1 Breakdown of extrapolation uncertainties induced by the p¥ shape
uncertainty

Table B.32: Summary of the extrapolation uncertainties induced by the p\T’ shape systematic
on the W+jets samples across all the analysis regions of the analysis and in the 0 and 1-lepton
channels. The column "weighted-sum" shows the normalization effect induced by the shape
systematic weighted by the yields in each of the analysis regions. The raw A(high-low) p¥
shows the normalization effect induced by the p‘T’ shape systematic across the different p¥
bins of the analyisis. The last two columns show the migration effect, inclusive in the two
py bins induced by the pY. shape systematic from Low-AR CR to SR and from High-AR CR
to SR.

0-lepton
2-jet
Low-AR CR SR High-AR CR weighted-sum weighted-sum A(Low-AR CR - SR) weighted-sum A(High-AR CR - SR)
150-250 py. 5.08 5.49 5.83 5.44 64 64
250 py 14.08 17.52 18.37 17.48
Ahigh-low) pY 9.00 12.03 12.54 12.04 - -
3-jet
CRpw SR High-AR CR weighted-sum weighted-sum A(Low-AR CR - SR) weighted-sum A(High-AR CR - SR)
150-250 pY 4.12 4.41 4.77 4.42 196 141
250 p¥ 14.95 16.97 18.44 17.33
Ahigh-low) pY 10.83 12.56 13.67 12.91 - -
1-lepton
2-jet
Low-AR CR SR High-AR CR weighted-sum weighted-sum A(Low-AR CR - SR) weighted-sum A(High-AR CR - SR)
150-250 p¥ 5.14 5.41 5.29 5.30 195 +0.60
250 py 14.08 17.34 18.30 17.47
A(high-low) pl 8.94 11.93 13.01 12.17 - -
3-jet
Low-AR CR SR High-AR CR weighted-sum weighted-sum A(Low-AR CR - SR) weighted-s um A(High-AR CR - SR)
150-250 p¥ 4.08 4.38 4.61 4.39 -1.89 +1.34
250 p¥ 15.24 18.02 19.01 18.24
Ahigh-low) pY 11.16 13.64 14.40 13.85 - -

B.2 Breakdown of flavour composition uncertainties

In this section, the full breakdown of the flavour composition uncertainties for the
W+jets background modelling is reported. Table B.33 and Table B.34 summarise the
full breakdown of the uncertainty on the ratio between the W + bc and the main W + bb
components in the 1-lepton and the 0-lepton channel, respectively. Table B.33 and
Table B.34 show the full breakdown of the uncertainty on the ratio between the W + bl
and the main W + bb components in the 1-lepton and the 0-lepton channel, respectively.
And Table B.33 and Table B.34 are the breakdowns for the uncertainty on the ratio
between the W + c¢c and the main W + bb components in the 1-lepton and the 0-lepton
channel, respectively.
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Table B.33: Systematic uncertainties on bc/bb extrapolation in W+hf events in the 1-lepton

channel for the 2-jet (top) and 3-jet (bottom) categories.

1-lep 2-jet category

Systematic Low-AR CR High-AR CR SR SR+CRs
UR +1.8/-1.3% +3.0/-1.8% +2.8/-1.1% +3.2/-1.9%
Ur -0.4/+0.4 % -0.2/40.2 % +0.0/+0.3% -0.1/+0.2 %
UR + U1F -1.0/+1.3% -1.5/+2.9% -0.8/+2.7% -1.8/+3.0%
PDF13000 +3.2% +4.2 % +4.2 % +3.9 %
PDF25300 +1.7% +0.4 % +2.0% +1.2%
PDF MAX +3.2% +4.2 % +4.2 % +3.9 %
SH vs MG -23.8/-23.8% | -19.4/-194% | -27.8/-27.8% | -18.2/-18.2%
Final uncertainty +24.1% +20.0 % +28.2 % +18.8 %
1-lep 3-jet category
Systematic Low-AR CR High-AR CR SR SR+CRs
HUR +1.0/+0.2 % +1.0/+0.6 % +2.3/-1.0%
Ur -0.2/+0.3% +0.3/-0.1% -0.0/+0.4 % +0.0/+0.2%
UR + UF +0.1/+0.9% -0.0/+1.3% +0.8/+0.7 % -0.9/+2.3%
PDF13000 +23% +2.7% +2.8% +2.6 %
PDF25300 +1.1% +0.2 % +1.2% +0.6 %
PDF MAX +2.3% +2.7% +2.8% +2.6%
SH vs MG -21.4/-214% | -20.5/-20.5% | -24.5/-24.5% | -20.3/-20.3%
Final uncertainty +21.5% +20.7 % +24.7 % +20.6 %

Table B.34: Systematic uncertainties on bc/bb extrapolation in W+hf events in the 0-lepton

channel for the 2-jet (top) and 3-jet (bottom) categories.

0-lep 2-jet category

Systematic Low-AR CR High-AR CR SR SR+CRs
HR +3.0/-1.7% +3.0/-1.7% +1.9/-1.0% +2.7/-1.7%
Ur -0.1/+0.1% -0.1/+0.1% -0.1/+0.1 % -0.1/+0.1%

UR + UF -1.6/+3.1% -1.6/+3.1% -0.9/+2.0% -1.7/+2.7%
PDF13000 +1.7 % +1.7 % +1.7 % +1.6 %
PDF25300 F1.0% F1.0% +0.0 % F0.2 %
PDF MAX +1.7% +1.7% +1.7% +1.6 %
SH vs MG -22.1/-22.1% | -22.1/-22.1% | -35.1/-35.1% | -24.1/-24.1%

Final uncertainty +22.3 % +22.3 % +35.2 % +24.2 %
0-lep 3-jet category
Systematic Low-AR CR High-AR CR SR SR+CRs
HR +0.6 /+0.6 % +0.6 /+0.6 % +1.1/+0.4 % +1.9/-0.5%
Ur +0.4/-0.5% +0.4/-0.5% -0.3/40.2 % 70.0 %

UR + UF +0.1/+1.1% +0.1/+1.1% +0.3/+0.9% -0.7/+1.9 %
PDF13000 +0.9 % +0.9 % +1.0% +0.9 %
PDF25300 F0.6 % F0.6 % F0.2 % F0.3 %
PDF MAX +0.9 % +0.9 % +1.0% +0.9 %

SH vs MG -23.2/-23.2% | -23.2/-23.2% | -24.4/-244% | -22.2/-22.2%
Final uncertainty +23.2% +23.2% +24.4 % +22.2 %
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Table B.35: Systematic uncertainties on bl/bb extrapolation in W+hf events in the 1-lepton
channel for the 2-jet (top) and 3-jet (bottom) categories.

1-lep 2-jet category

Systematic Low-AR CR High-AR CR SR SR+CRs
UR +2.5/-1.8% +3.0/-1.9% +1.7/-0.6 % +3.1/-2.0%
Ur -0.0/-0.0 % +0.5% +0.2/-0.2% +0.5/-0.4 %
HR + UF -2.0/+2.3% -2.3/+3.4% -0.9/+1.9% -2.6/+3.3%
PDF13000 70.4 % F0.3% F0.5% 70.6 %
PDF25300 F0.6 % F13% F0.9 % F1.1%
PDF MAX F0.4 % F0.3 % F0.5% F0.6 %
SH vs MG -29.8/-298% | -12.1/-12.1% | -28.6/-28.6% | -11.3/-11.3%
Final uncertainty +29.9 % +12.3% +28.6 % +11.6 %
1-lep 3-jet category
Systematic Low-AR CR High-AR CR SR SR+CRs
UR +1.8/-1.0% | +1.1/-0.2% | +09/40.3% | +2.7/-1.6%
UF -0.2/+0.2% | +0.7/-0.5% | +0.3/+0.1% | +0.4/-0.2%
UR t UF -0.9/+1.7% -0.8/+1.5% | +0.2/+09% | -1.9/+2.8%
PDF13000 F0.5% F0.3 % F0.5 % F0.5 %
PDF25300 0.4 % 0.6 % 0.5 % 0.5 %
PDF MAX F0.4 % F0.3% F0.5 % F0.5 %
SH vs MG -15.8/-158% | -8.5/-8.5% | -19.5/-19.5% | -9.5/-9.5%
Final uncertainty +15.8% +8.6 % +19.5% +9.7 %

Table B.36: Systematic uncertainties on bl/bb extrapolation in W+hf events in the 0-lepton
channel for the 2-jet (top) and 3-jet (bottom) categories.

0-lep 2-jet category

Systematic Low-AR CR High-AR CR SR SR+CRs
UR +2.2/-1.7% +2.2/-1.7% +1.1/-0.7% +2.1/-1.7%
ur +0.5/-0.4% +0.5/-0.4% +0.2/-0.1% +0.3/-0.3%
UR T UF -2.0/+2.7% -2.0/+2.7% -0.9/+1.4% -2.0/+2.3%
PDF13000 F0.2 % F0.2 % F0.3% F0.4 %
PDF25300 F1.3% F1.3% F1.0% F1.1%
PDF MAX F0.2 % F0.2 % F0.3% F0.4 %
SH vs MG -12.3/-12.3% | -12.3/-12.3% | -29.3/-29.3% | -14.1/-14.1%
Final uncertainty +12.5% +12.5% +29.3 % +14.3 %
0-lep 3-jet category
Systematic Low-AR CR High-AR CR SR SR+CRs
UR +0.1/+0.9% +0.1/+0.9% +1.1/+0.6 % +2.0/-0.6 %
Ur +0.7/-0.6 % +0.7/-0.6 % +0.1/-0.1% +0.3/-0.2%
UR +t UF +0.2/+1.1% +0.2/+1.1% +0.2/+1.3% -1.0/+2.4 %
PDF13000 F0.4 % 70.4 % 70.4 % F0.5%
PDF25300 F0.7 % F0.7 % F0.6 % F0.7 %
PDF MAX F0.4 % F0.4 % F0.4 % F0.5%
SH vs MG -14.7/-14.7% | -14.7/-14.7% | -17.7/-17.7% | -13.7/-13.7%
Final uncertainty +14.7 % +14.7 % +17.7% +13.8%
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Table B.37: Systematic uncertainties on cc/bb extrapolation in W+hf events in the 1-lepton

channel for the 2-jet (top) and 3-jet (bottom) categories.

1-lep 2-jet category

Systematic Low-AR CR | High-AR CR SR SR+CRs

HUR +0.4/-05% | +1.9/-1.1% | +0.8/-0.3% | +1.3/-0.9%

UF -0.0/+0.1% | +0.1/-0.1% F0.0 % +0.0/-0.0 %

UR T UF -04/+04% | -1.1/+2.1% | -0.3/+0.7% | -0.9/+1.3%
PDF13000 +1.3% +4.2 % +25% +29%
PDF25300 +0.7 % +0.7 % +1.0% +0.8 %
PDF MAX +1.3% +4.2 % +2.5% +2.9%

SH vs MG -2.3/-23% | -29/-29% | -4.6/-4.6% | -0.8/-0.8%
Final uncertainty +2.6 % +53% +53% +3.2%

1-lep 3-jet category

Systematic Low-AR CR | High-AR CR SR SR+CRs

UR -0.2/+04% | +0.5/+0.0% | +0.2/+0.4% | +0.9/-0.3 %

ur +0.1/+0.0% | +0.6/-0.3% | +0.2/+0.1% | +0.3/-0.1 %

UR * UF +0.4/-0.2% | -0.4/+1.0% | +0.4/+0.3% | -0.4/+1.1%
PDF13000 +0.9 % +3.1% +1.7% +2.2%
PDF25300 +0.4 % +0.6 % +0.7 % +0.6 %
PDF MAX +0.9 % +3.1% +1.7 % +2.2 %

SH vs MG -44/-44% | -3.1/-3.1% | -6.2/-62% | -3.6/-3.6%
Final uncertainty +4.5% +4.4 % +6.5% +4.2 %

Table B.38: Systematic uncertainties on cc/bb extrapolation in W+hf events in the 0-lepton

channel for the 2-jet (top) and 3-jet (bottom) categories.

0-lep 2-jet category

Systematic Low-AR CR | High-AR CR SR SR+CRs

UR +1.9/-1.2% | +1.9/-1.2% | +0.5/-04% | +0.7/-0.5%

Ur +0.3/-0.0% | +0.3/-0.0% | +0.1/-0.2% | +0.2/-0.1%

UR *+ UF -1.3/+2.2% | -1.3/+2.2% | -04/+0.6% | -0.6/+0.9%
PDF13000 +2.4% +2.4 % +1.3% +1.4%
PDF25300 F0.1% F0.1 % +0.0 % +0.1%
PDF MAX +24 % +2.4 % +1.3% +14 %

SH vs MG -1.6/-16% | -1.6/-1.6% | -3.2/-3.2% | -0.7/-0.7%
Final uncertainty +33% +33% +3.5% +1.7%

0-lep 3-jet category

Systematic Low-AR CR | High-AR CR SR SR+CRs

UR +0.9/+0.1% | +0.9/+0.1% | +0.0/+0.6 % | +0.6/+0.2 %

UF +0.5/-0.6% | +0.5/-0.6% | -0.1/+0.1% | +0.2/-0.1%

UR * UF -0.5/+1.8% | -0.5/+1.8% | +0.4/+0.0% | -0.1/+0.9%
PDF13000 +0.9 % +0.9 % +0.4 % +0.6 %
PDF25300 F0.6 % F0.6 % F0.2 % F0.2 %
PDF MAX +0.9 % +0.9 % +0.4 % +0.6 %

SH vs MG -2.8/-28% | -2.8/-2.8% | -2.3/-2.3% | -1.0/-1.0%
Final uncertainty +32% +3.2% +2.4 % +1.3%
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B.3 Derivation of W+jets shape uncertainties using a 1-dimensional
parametrization

Many studies have been performed for the estimation of the W+jets shape systematics
for the previous round of the VH,H — bb analysis. In Ref [13], the derivation of the
W+jets shape uncertainties was based on the 1-dimensional parametrization explained
in Section 6.7; the nominal MC generator is compared to its internal weights, such as
the renormalization and the factorization scales and the PDF variations, and then to the
alternative MC prediction by MADGRAPH 5.

Comparison of SHERPA 2.2.1 and MADGRAPH 5 predictions The shape uncertainties
are derived using truth events only and on the two variables of the analysis-BDT having
the highest discrimination power between the nominal SHERPA 2.2.1 sample and the
alternative MADGRAPH 5 one, my,;, and p}’. The shapes are estimated separately in the
O-lepton and 1-lepton channels and in the 2-jet and 3-jet categories. To define an
uncertainty, the distributions of the nominal and alternative generators in each channel
and jet category are normalized to the same area and compared. A functional form
is fitted through the ratio between the two MC predictions, converted into a binned
histogram to match the format of the fit framework, and then symmetrized. If some
shape uncertainties are found to have a similar impact in certain analysis categories, a
common uncertainty is taken and implemented accross all regions.

The comparison between the MC predictions in the p‘T’ distribution can be parametrized
by a straight line in the range of p‘T’ > 150 GeV. In fact, no attempt of adding the medium p¥
(75< p\T’ < 150 GeV) region was made for the previous round of this analysis. Figure B.67
(Figure B.68) shows the comparison of the p‘T’ distributions between the SHERPA 2.2.1 and
MADGRAPH 5 samples in the 1-lepton (0-lepton) channel for the 2-jet and 3-jet categories.

As for the case of the p¥ shape, the comparison between the MC predictions in the
my, distribution can be parametrized by a straight line to the unit-normalized ratio
between the nominal and the alternative samples. Figure B.69 (Figure B.70) shows the
comparison of the m,,, distributions between the SHERPA 2.2.1 and MADGRAPH 5 samples
in the 1-lepton (0-lepton) channel for the 2-jet and 3-jet categories.

Once derived, the p\T’ and my,;, shape systematics in each lepton channel and jet cate-
gory are compared to see if they have a similar impact on the p‘T’ and my,;, distributions,
respectively.

Figure B.71 shows the four p¥ shape uncertainties derived in the 1-lepton and 0-lepton
channels and for the 2-jet and the 3-jet categories. As a similar trend is observed, the
maximal variation is taken and applied accross all analysis regions in a correlated fashion.
In this case, the maximum variation would be the one in the 0-lepton channel and in
the 3-jet region, however, the 1-lepton channel as much more statistics available so
the shape in the 1-lepton channel and in the 3-jet category is chosen as a common
uncertainty applied accross all analysis regions in a correlated fashion.

Figure B.72 shows the four m;,;, shape uncertainties derived in the 1-lepton and 0-lepton
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channels and for the 2-jet and the 3-jet categories. As a similar trend is observed, the
maximal variation is taken and applied accross all analysis regions in a correlated fashion.
The maximal variation is represented by the shape in the 1-lepton channel and in the
2-jet category.
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Comparison of the nominal SHERPA 2.2.1 with its internal weights Figure B.73 and
Figure B.74 show the comparison between the nominal SHERPA 2.2.1 and two alternative
versions with renormalization and factorization scales doubled and halved both at the
same time, for all the kinematic variables entering the analysis BDT' in the 1-lepton
channel and for the 2-jet and 3-jet categories, respectively. Similar comparisons are

16The variable AY(W, H) is missing but similar conclusions are expected for it.
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done also in the case where ux and ur are doubled or halved one at the time but are not
shown in the following as the differences with the nominal SHERPA 2.2.1 generator are
smaller than the ones obtained when doubling/halving the scales together. The same set
of studies has been performed also in the 0-lepton channel and similar conclusions can
be drawn.
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The red line corresponds to the nominal SHERPA 2.2.1 prediction, the black (orange) line
shows the SHERPA 2.2.1 prediction with halved (doubled) renormalization and factoriza-
tion scales. The p‘T’ and my,;, shape systematics, derived from the comparison between the
nominal SHERPA 2.2.1 and the alternative MADGRAPH 5 samples, are shown in magenta
and green, respectively. It can be observed that the contribution from the difference
between the nominal SHERPA 2.2.1 and the one with varied scale settings is much smaller
with respect to the MC generators comparison. For this reason, the variation coming
from the uz and ur scales has not been considered as a systematic uncertainty on the
shape of the p‘T’ and my,;, W+jets distributions.

B.4 Derivation of W+jets shape uncertainties through a BDT-based
approach with particle-level events

This section summarises the first studies performed to derive the W+jets shape uncer-
tainties using the BDT-reweighting approach with truth events. In this studies, the p¥
shape uncertainties is not factorized out from the BDTr procedure as in the final hybrid
BDTr approach used in the analysis. Distributions of W + bb events are shown in the
1-lepton channel and for both the 2-jet and 3-jet categories. Very good closure can be
seen and similar performances were observed also for W + bc, W + bl and W + cc events.

Figure B.75 shows the closure of the BDTr shape systematic on some of the variables
entering the analysis-BDT for the 1-lepton, 2-tag, 2-jet category and for W + bb events.
Figure B.76 shows the closure for the 1-lepton, 2-tag, 3-jet category and for W + bb events.
The BDTr shape systematic was derived in the range of p¥ > 150 GeV as when these
studies were performed there was no plan of adding the medium p¥ (75 < p‘T’ < 150 GeV)
as a fitted region in the 1-lepton channel.

The effect of the BDTr shape systematic on the analysis-BDT is shown in Figure B.77
for W+ bb events in the 2-tag, 2-jet category on the left and 2-tag, 3-jet category on the
right for the 1-lepton channel.

B.5 Derivation of W+jets shape uncertainties through a hybrid
BDT-based approach using reconstructed event

This section contains the closure performances of the p‘T’—factorized BDTr approach on
all the input variables of the BDT (excluding the m;;, and the p‘T’ or E%“SS distributions
that are included in Section 6.9.3) for W + bb events in both the 0-lepton and 1-lepton
channels and for the 3-jet category. Very good closure can be seen, especially on those
variables for which the 1-dimensional parametrization exhibited some issues. Similar
performances are observed for W + bc, W + bl and W + cc events as shown in the following.

Figure B.78 shows the validation of the BDT-reweighting procedure on some of the
variables entering the analysis-BDT for the 1-lepton, 2-tag, 3-jet category and for W + bb
events.

Figure B.79 shows the validation of the BDT-reweighting procedure on some of the
variables entering the analysis-BDT for the 1-lepton, 2-tag, 2-jet category and for W + b¢
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the 1-lepton, 2-tag, 2-jet category, on all the kinematic variables entering the analysis-BDT
(but AY(W, H)).
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Figure B.74: Comparison of the nominal SHERPA 2.2.1 prediction (red line) with two alterna-
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the 1-lepton, 2-tag, 3-jet category, on all the kinematic variables entering the analysis-BDT
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Figure B.75: Closure of the BDTr approach on the variables entering the analysis-BDT in
the 2-tag, 2-jet region of the 1-lepton channel and for W + bb events. The nominal SHERPA
2.2.1 prediction is plotted in red, the alternative one from MADGRAPH 5 is plotted in blue
and the BDTr systematic is plotted in magenta.

events.

Figure B.80 shows the validation of the BDT-reweighting procedure on some of the
variables entering the analysis-BDT for the 1-lepton, 2-tag, 2-jet category and for W + bl
events.

Figure B.81 shows the validation of the BDT-reweighting procedure on some of the
variables entering the analysis-BDT for the 1-lepton, 2-tag, 2-jet category and for W + cc
events.

Figure B.82 shows the validation of the BDT-reweighting procedure on some of the
variables entering the analysis-BDT for the 1-lepton, 2-tag, 3-jet category and for W + b¢
events.
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Figure B.76: Closure of the BDTr approach on the variables entering the analysis-BDT in
the 2-tag, 3-jet region of the 1-lepton channel and for W + bb events. The nominal SHERPA
2.2.1 prediction is plotted in red, the alternative one from MADGRAPH 5 is plotted in blue
and the BDTr systematic is plotted in magenta.

Figure B.83 shows the validation of the BDT-reweighting procedure on some of the
variables entering the analysis-BDT for the 1-lepton, 2-tag, 3-jet category and for W + bl
events.

Figure B.84 shows the validation of the BDT-reweighting procedure on some of the
variables entering the analysis-BDT for the 1-lepton, 2-tag, 3-jet category and for W + cc
events.

Figure B.85 shows the validation of the BDT-reweighting procedure on some of the
variables entering the analysis-BDT for the 0-lepton, 2-tag, 3-jet category and for W + bb
events.

Figure B.86 shows the validation of the BDT-reweighting procedure on some of the
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Figure B.77: Closure of the BDTr shape systematic on the analysis-BDT for W + bb events
in the 2-tag, 2-jet region (a) and 2-tag, 3-jet region (b) of the 1-lepton channel. The BDTr
shape systematic is plotted in magenta.

variables entering the analysis-BDT for the 0-lepton, 2-tag, 2-jet category and for W + bc
events.

Figure B.87 shows the validation of the BDT-reweighting procedure on some of the
variables entering the analysis-BDT for the 0-lepton, 2-tag, 2-jet category and for W + bl
events.

Figure B.88 shows the validation of the BDT-reweighting procedure on some of the
variables entering the analysis-BDT for the 0-lepton, 2-tag, 2-jet category and for W + cc
events.

Figure B.89 shows the validation of the BDT-reweighting procedure on some of the
variables entering the analysis-BDT for the 0-lepton, 2-tag, 3-jet category and for W + bc¢
events.

Figure B.90 shows the validation of the BDT-reweighting procedure on some of the
variables entering the analysis-BDT for the 0-lepton, 2-tag, 3-jet category and for W + bl
events.

Figure B.91 shows the validation of the BDT-reweighting procedure on some of the
variables entering the analysis-BDT for the 0-lepton, 2-tag, 3-jet category and for W +cc
events.

As explained in Section 6.9.1, the extrapolation uncertainties induced by the p‘T’—
factorized BDTr shape systematic accross the analysis regions are comparable to those
obtained by a truth comparison of the nominal SHERPA 2.2.1 sample with the alternative
MADGRAPH 5 one. For this reason, the uncertainty derived from the sum in quadrature
of the SHERPA 2.2.1 versus MADGRAPH 5 variations and those due to the ug, ur and PDF
variations, is taken as prior of a new nuisance parameter which controls the migration
effects from Low-AR CR and High-AR CR to the SR.

For completeness, the extrapolation uncertainties induced by the BDTr shape systematic
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are shown in Table B.39 across all regions and p‘T’ bins of the analysis for both the 0-lepton
and the 1-lepton channels.

Table B.39: Summary of the extrapolation uncertainties of the BDTr shape systematic on
the W+jets samples across all the analysis regions of the analysis and in the 0- and 1-lepton
channels. The third column for both 2-jet and 3-jet categories shows the normalization
effect induced by the shape systematic weighted by the yields in each of the analysis regions.
The last row for both 0-lepton and 1-lepton channels shows the normalization effect induced
by the BDTr shape systematic across the different p\T/ bins of the analyisis. The last two
columns show the migration effect, inclusive in the two p‘T’ bins induced by the p‘T’ shape
systematic from Low-AR CR to SR and from High-AR CR to SR.

0-lepton
2-jet
Low-AR CR SR High-AR CR weighted-sum weighted-sum A(Low-AR CR - SR) weighted-sum A(High-AR CR - SR)
150-250 p¥ -11.87 -4.31 12.87 -2.85 732 +15.70
250 py -9.96 -5.59 3.21 -2.84
Ahigh-low) pY 1.91 -1.28 -9.66 0.01 - -
3-jet
Low-AR CR SR High-AR CR weighted-sum weighted-sum A(Low-AR CR - SR) weighted-sum A(High-AR CR - SR)
150-250 p¥ -4.76 -1.73 5.84 -0.62 270 +6.70
250 py <0.5 -1.93 1.32 -0.34
A(high-low) p 4.76 -0.20 -4.52 0.29 - -
1-lepton
2-jet
Low-AR CR SR High-AR CR weighted-sum weighted-sum A(Low-AR CR - SR) weighted-sum A(High-AR CR - SR)
150-250 py. -11.64 -1.05 21.17 2.65 1013 12147
250 p¥ -7.64 -2.30 14.95 4.67
Ahigh-low) pY 4.00 -1.25 -6.76 2.03 - -
3-jet
Low-AR CR SR High-AR CR weighted-sum weighted-sum A(Low-AR CR - SR) weighted-sum A(High-AR CR - SR)
150-250 pY. -3.70 -2.15 9.56 1.55 140 1954
250 py 2.47 <0.5 2.73 1.60
A(high-low) p! 6.17 2.15 -6.83 0.05 - -

B.6 W boson charge asymmetry for the modelling of the W+jets
background

In a pp collider, the W* is produced through a valence up-quark and a down anti-quark
from the sea, while the W~ is produced through an up anti-quark from the sea and a
valence down-quark. Given that each proton is formed by two up-quark and a single
down-quark, it is more likely to produce a W* than a W~ boson.

The uncertainty on the modelling of the W+jets background is dominated by the
difference between the nominal SHERPA 2.2.1 generator and the alternative MADGRAPH 5
one. This section summarises the first attempt of using data/MC comparisons to assess
whether one of the two generators (or both) is not supported by data.

For each kinematic variable entering the analysis-BDT, the distribution of the signal
(background) processes having a negative charged lepton in the final state, coming from
the decay of a W~, is subtracted from the one having a positive charged lepton, from the
decay of a W*. This way, the contribution of the largest background of the analysis, 7, as
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well as the WW, ZZ processes and the QCD multijet background largely cancels.

Figure B.92 shows the distribution of 4-=1-
of the lepton in the 1-lepton, 2-tag region and inclusively in SR and CRs and jet category,
for the signal and background processes surviving the W* — W~ subtraction. Among these

processes, the W+jets and the single-top t-channel backgrounds have the largest W*

as a function of the transverse momentum

charge asymmetry.

Figure B.93 shows the distributions of the my,, p‘T’ and ARy, variables in the 1-lepton,
1-tag region, and inclusively in SR and CRs, p‘T’ range, and jet categories for the gg » WH
signal, the diboson WZ background, all flavour components of the W+jets background,
the single-top t-channel, and the single-top Wt channel, whose contribution is negligible.
The 1-tag region has the advantage of having a higher number of events with respect to
the 2-tag region. In the first column, both signal and backgrounds are simulated using the
nominal SHERPA 2.2.1 prediction, while on the second column they are simulated using
the alternative MADGRAPH 5 prediction. A large mismodelling in the case all processes
are simulated using the MADGRAPH 5 prediction can be observed at low values of m,, p\T’,
and ARy,. This is not present in the case the processes are simulated using the nominal
SHERPA 2.2.1 generator, suggesting that the data do not support the prediction of the
alternative generator.

Figure B.94 shows the distributions of the m,, p‘T’ and ARy, variables in the 1-lepton,
2-tag region, and inclusively in SR and CRs, p‘T’ range, and jet categories for the gg » WH
signal, the diboson WZ background, all flavour components of the W+jets background,
the single-top t-channel, and the single-top Wt channel, whose contribution is negligible.
The 2-tag region has much less events with respect to the 1-tag region but it is the one
relevant for the analysis. In the first column, both signal and backgrounds are simulated
using the nominal SHERPA 2.2.1 prediction, while on the second column they are simulated
using the alternative MADGRAPH 5 prediction. The two generators show a very similar
response in the 2-tag region and they are both in good agreement with the data. However,
the large error bars due to the small number of events in this region do not allow any
further conclusion.

Due to lack of time, these studies have not been further investigated but could provide a
powerful tool to assess the goodness of a generator with respect to the other in modelling
the W+jets background, as well as provide useful feedbacks to the theorists developping
the MC simulation.
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Figure B.78: Validation of the p —2 reweighting procedure on some of the variables entering
the analysis-BDT in the 2-tag, 3-jet region of the 1-lepton channel and for W + bb events.
The nominal SHERPA 2.2.1 prediction is shown in red, while the alternative MADGRAPH 5
one is shown in blue. The nominal distribution weighted by the p‘T’ density ratio is plotted in
green, while the one weighted by the BDTr density ratio is shown in magenta. The y?/nq o ¢
metric is evaluated to quantify the difference between the original nominal SHERPA 2.2.1
distribution and the MADGRAPH 5 one, as well as the difference between the nominal SHERPA
2.2.1 distribution weighted by the BDTr density ratio and the alternative one.
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Figure B.79: Validation of the p —2 reweighting procedure on some of the variables entering
the analysis-BDT in the 2-tag, 2-jet region of the 1-lepton channel and for W + bc events.
The nominal SHERPA 2.2.1 prediction is shown in red, while the alternative MADGRAPH 5
one is shown in blue. The nominal distribution weighted by the p‘T’ density ratio is plotted in
green, while the one weighted by the BDTr density ratio is shown in magenta. The y?/nq o ¢
metric is evaluated to quantify the difference between the original nominal SHERPA 2.2.1
distribution and the MADGRAPH 5 one, as well as the difference between the nominal SHERPA
2.2.1 distribution weighted by the BDTr density ratio and the alternative one.
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Figure B.80: Validation of the p —2 reweighting procedure on some of the variables entering
the analysis-BDT in the 2-tag, 2-jet region of the 1-lepton channel and for W + bl events.
The nominal SHERPA 2.2.1 prediction is shown in red, while the alternative MADGRAPH 5
one is shown in blue. The nominal distribution weighted by the pT density ratio is plotted in
green, while the one weighted by the BDTr density ratio is shown in magenta. The y?/nq,
metric is evaluated to quantify the difference between the original nominal SHERPA 2.2.1
distribution and the MADGRAPH 5 one, as well as the difference between the nominal SHERPA
2.2.1 distribution weighted by the BDTr density ratio and the alternative one.
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Figure B.81: Validation of the p —2 reweighting procedure on some of the variables entering
the analysis-BDT in the 2-tag, 2-jet region of the 1-lepton channel and for W + cc events.
The nominal SHERPA 2.2.1 prediction is shown in red, while the alternative MADGRAPH 5
one is shown in blue. The nominal distribution weighted by the pT density ratio is plotted in
green, while the one weighted by the BDTr density ratio is shown in magenta. The y?/nq o ¢
metric is evaluated to quantify the difference between the original nominal SHERPA 2.2.1
distribution and the MADGRAPH 5 one, as well as the difference between the nominal SHERPA
2.2.1 distribution weighted by the BDTr density ratio and the alternative one.
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Figure B.82: Validation of the p — 2 reweighting procedure on some of the variables entering
the analysis-BDT in the 2-tag, 3-jet region of the 1-lepton channel and for W + bc events.
The nominal SHERPA 2.2.1 prediction is shown in red, while the alternative MADGRAPH 5
one is shown in blue. The nominal distribution weighted by the py Vv density ratio is plotted in
green, while the one weighted by the BDTr density ratio is shown in magenta. The y?/nq.o ¢
metric is evaluated to quantify the difference between the original nominal SHERPA 2.2.1
distribution and the MADGRAPH 5 one, as well as the difference between the nominal SHERPA
2.2.1 distribution weighted by the BDTr density ratio and the alternative one.
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Figure B.83: Validation of the p — 2 reweighting procedure on some of the variables entering
the analysis-BDT in the 2-tag, 3-jet region of the 1-lepton channel and for W + bl events.
The nominal SHERPA 2.2.1 prediction is shown in red, while the alternative MADGRAPH 5
one is shown in blue. The nominal distribution weighted by the p; v density ratio is plotted in
green, while the one weighted by the BDTr density ratio is shown in magenta. The y?/nq.of
metric is evaluated to quantify the difference between the original nominal SHERPA 2.2.1
distribution and the MADGRAPH 5 one, as well as the difference between the nominal SHERPA
2.2.1 distribution weighted by the BDTr density ratio and the alternative one.



B Additional material for the W+jets modelling systematics

279

a.u.

ratio

a.u.

ratio

a.u.

ratio

o [ P s = AR ]
0.3 Simulation 4 3 945 simulation 3 & gasf Simulation E
0255 pY > 75 GeV, 2-tag 3-jet, SR+CRs B 0.4 pY > 75 GeV, 2-tag 3-jet, SR+CRs = E pY > 75 GeV, 2-tag 3-jet, SR+CRs E
.25 = E 3 0.3 =
E - Sherpa2.2.1 3 0'355 ~+ Sherpa2.2.1 3 = ~+-Sherpa2.2.1 g
0.2 2= ~+ Sherpa2.2.1-| BDT rw] 0.3 —— ~+-Sherpa2.2.1-| BDT w3 025 —g=— -+ Sherpa2.2.1-| BDT rw
= . - Sherpa2.2.1-| p w4 0.25E -+ Sherpa2.2.1- p w3 E -+ Sherpa2.2.1-| p w3
0.15F == = +MadGraph 3 VL e -+ MadGraph 3 0.2 +MadGraph =3
e 3 0.2 2 = = E
0 1i - (TDE)SH oM = 21,757 015 ; (X—Z)SH é 0.15 E Seep——— (W)SH oM = 16,9 73
s - Xyt _ B E s _ E E X\ E
= == . NoP) =254 - 0.1E. (W) =172 3 0.1= %) =287 5
= == | E | E =
0.05¢ - E 0.05E E 0.05= E
E .= | = —— El = |
ob e of = . E| of . el
1.8F E 2 18fF E 2 18F
165 ® L6t E T 165
14E E 145 jt 14E
= - 3 E 3
1.21 § R = 1'2; et 1.2L —!—
0.85 == E 0.85 E 0.8F
0.65 E 0.65 E 0.6F
0456 100 150 200 250 300 350 400 450 500 049 50 100 180 200 250 300 049 T 2 3 7 5
My, [GeV] m¥ [GeV] AR(b,b,)
Fo T B ] Eo ] 3 035 1T 3
0.3 Simulation = § 0'3: Simulation B i E Simulation 3
E p\T/ > 75 GeV, 2-tag 3-jet, SR+CRs 3 o 25: p¥ > 75 GeV, 2-tag 3-jet, SR+CRs 3 0.3 p¥ > 75 GeV, 2-tag 3-jet, SR+CRs -
0.25- 4 251 - E E
e ~+Sherpa2.2.1 3 E -+ Sherpa2.2.1 J 0.25F -+ Sherpa2.2.1 -
0.2 -+ Sherpa2.2.1-| BDTr wj 0.2 ~+-Sherpa2.2.1- BDTr -Lu] Ee— ~+-Sherpa2.2.1-| BDTr rw
E -+ Sherpa2.2.1-| p -wo E ~+-Sherpa2.2.1- p -Tw ——| 0.2 ~+Sherpa2.2.1+] p -w
015 <+ MadGraph 4 0150 <+ MadGraph E g - +MadGraph B
E 1 E 1 0.15F —— - E
C " .53 1 = B = (W) "T=131 4
0.1~ = 0.1— - 0.1 - X2 ysHw. =
E ¢ o1 g “E B 1 -~ P ™ =046
E — q £ k| E 3
0051 e —_— E 005 =" 3 005 T— E
E L L L 3 E L L J 0 E L L _.\__._H’!'Hw;
1.8F S 18fF E 2 18F E
165 ® 16F E T 165 E
145 145 E 14E E
1.3 . 1'2; - . E 1.2L = Ly
0.8F - 0.8F E 0.8F E
0.65 E 0.65 E 0.6F
045~ 26 27 28 28 3 31l 04 05 T 5 F] 25 0465 115 2 25 3 3%
A@(V,bb) min(Ag(l,b) AY(WH)
0.6 T .l = T T =] S Fla: T ]
[ Simulation 1 S 97 simulation 1 & 1.4F Simulation E
0.5]- pY > 75 GeV, 2-tag 3-jet, SR+CRs - 0.6 pY > 75 GeV, 2-tag 3-jet, SR+CRs E . 2: py > 75 GeV, 2-tag 3-jet, SR+CRs B
04 -+ Sherpa2.2.1 E 0.5 + Sherpa2.2.1 3 E +Sherpa2.2.1 3
E == - Sherpa2.2.1-BDTr-rw E = ~+-Sherpa2.2.1-BDTr-rwd = -+-Sherpa2.2.1-BDTr-rw
[ -+ Sherpa2.2.1-p_-rw = 0.4f— == +Sherpa2.2.1-p-rw 3 o Si ~+-Sherpa2.2.1-p_-tw 3
03~ == -+ MadGraph E E - -+ MadGraph E| Cr +MadGraph B
02F (N)(T;:)summ - 107.84] 0-3? (N[;F)SH o 11167 0.6 (NDZF)SH on 501 7
2F F g £ q E q
F == (ﬁ)wm 12531 0.2? (ND (K™ =g 11 E 0.4; (ND (B ™ = 5.85 E
01 = E 01 = E 02k E
E = = E == 3 . |
ok e E of e e of ‘ . ]
1,2 3 2 1.2 3 2 1.2 3
165 S 16f S 16F E
145 E = 14 I e = s :f-+ = 14 j: E
= ———p e ——— 3 —— e 3 L —
12 —r T 12 — s 12 ¢:¢=E:#+=0—+=§= :
0.8F 08F ~ = 08E E
0.65 E 0.65 E 0.6F E
0456 100 150 200 250 300 350 400 450 500 0% 50 100 150 200 250 300 350 0455 200 250 300 350 200
b1 b2 miss
P2 [GeV] Py’ [GeV] Er™ [GeV]
i £ T B ; e =
2 0.18F simulation = 3 E Simulation E
016 p! > 75 GeV, 2tag 3-jet, SR+CRs E 0.6 pY > 75 GeV, 2-tag 3-jet, SR+CRs E
0.4 +Sherpa2.2.1 E 0.5 ~+Sherpa2.2.1 E
0.12F —— —+-Sherpa2.2.1-| BDT r-rw- E - - Sherpa2.2.1-| BDTr rw
oab -.4—2_._ + Sherpa2.2.1-p’-w 04" <+ Sherpa2.2.1-pY-w 3
E = -+-MadGraph E| E -+ MadGraph 3
008 . (L)sn [ 035 (L)SHnom _452?
006 == = DI T 02F D! B
0.0aE- =, @&pUme1st 3 S 5™ =289 5
04 =, E =S B
002/~ == e ] e E
ok . . G| ok LT, Lo ladd
2 18 2 18
T 16 T l6-
1.4 145
12 s coee—e—e T E 12F . .._..—.-=="ﬂ:t’—’f’§£, %
+ m— + 1 3
0.8F] === = 0.8] -
0.6 E 0.65 E
04 500 1000 1500 2000 2500 0.4 ~56100 150" 200 250 300 350 400 450 500
jet3
My [GeV] PJT [GeV]

Figure B.84: Validation of the p — 2 reweighting procedure on some of the variables entering
the analysis-BDT in the 2-tag, 3-jet region of the 1-lepton channel and for W + cc events.
The nominal SHERPA 2.2.1 prediction is shown in red, while the alternative MADGRAPH 5
one is shown in blue. The nominal distribution weighted by the py Vv density ratio is plotted in
green, while the one weighted by the BDTr density ratio is shown in magenta. The y?/nq.o ¢
metric is evaluated to quantify the difference between the original nominal SHERPA 2.2.1
distribution and the MADGRAPH 5 one, as well as the difference between the nominal SHERPA
2.2.1 distribution weighted by the BDTr density ratio and the alternative one.
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Figure B.85: Validation of the p —2 reweighting procedure on some of the variables entering
the analysis-BDT in the 2-tag, 3-jet region of the 0-lepton channel and for W + bb events.
The nominal SHERPA 2.2.1 prediction is shown in red, while the alternative MADGRAPH 5
one is shown in blue. The nominal distribution weighted by the p,\r’ density ratio is plotted in
green, while the one weighted by the BDTr density ratio is shown in magenta. The y?/nq o ¢
metric is evaluated to quantify the difference between the original nominal SHERPA 2.2.1
distribution and the MADGRAPH 5 one, as well as the difference between the nominal SHERPA
2.2.1 distribution weighted by the BDTr density ratio and the alternative one.
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Figure B.86: Validation of the p —2 reweighting procedure on some of the variables entering
the analysis-BDT in the 2-tag, 2-jet region of the 0-lepton channel and for W + bc events.
The nominal SHERPA 2.2.1 prediction is shown in red, while the alternative MADGRAPH 5
one is shown in blue. The nominal distribution weighted by the p‘T’ density ratio is plotted in
green, while the one weighted by the BDTr density ratio is shown in magenta. The y?/ng.o ¢
metric is evaluated to quantify the difference between the original nominal SHERPA 2.2.1
distribution and the MADGRAPH 5 one, as well as the difference between the nominal SHERPA
2.2.1 distribution weighted by the BDTr density ratio and the alternative one.
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Figure B.87: Validation of the p —2 reweighting procedure on some of the variables entering
the analysis-BDT in the 2-tag, 2-jet region of the 0-lepton channel and for W + bl events.
The nominal SHERPA 2.2.1 prediction is shown in red, while the alternative MADGRAPH 5
one is shown in blue. The nominal distribution weighted by the pT density ratio is plotted in
green, while the one weighted by the BDTr density ratio is shown in magenta. The y2/nq, ¢
metric is evaluated to quantify the difference between the original nominal SHERPA 2.2.1
distribution and the MADGRAPH 5 one, as well as the difference between the nominal SHERPA
2.2.1 distribution weighted by the BDTr density ratio and the alternative one.
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Figure B.88: Validation of the p —2 reweighting procedure on some of the variables entering
the analysis-BDT in the 2-tag, 2-jet region of the 0-lepton channel and for W + cc events.
The nominal SHERPA 2.2.1 prediction is shown in red, while the alternative MADGRAPH 5
one is shown in blue. The nominal distribution weighted by the p‘T’ density ratio is plotted in
green, while the one weighted by the BDTr density ratio is shown in magenta. The y?/ng.o ¢
metric is evaluated to quantify the difference between the original nominal SHERPA 2.2.1
distribution and the MADGRAPH 5 one, as well as the difference between the nominal SHERPA
2.2.1 distribution weighted by the BDTr density ratio and the alternative one.
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Figure B.89: Validation of the p —2 reweighting procedure on some of the variables entering
the analysis-BDT in the 2-tag, 3-jet region of the 0-lepton channel and for W + bc events.
The nominal SHERPA 2.2.1 prediction is shown in red, while the alternative MADGRAPH 5
one is shown in blue. The nominal distribution weighted by the pT density ratio is plotted in
green, while the one weighted by the BDTr density ratio is shown in magenta. The y?/nq o ¢
metric is evaluated to quantify the difference between the original nominal SHERPA 2.2.1
distribution and the MADGRAPH 5 one, as well as the difference between the nominal SHERPA
2.2.1 distribution weighted by the BDTr density ratio and the alternative one.
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Figure B.90: Validation of the p —2 reweighting procedure on some of the variables entering
the analysis-BDT in the 2-tag, 3-jet region of the 0-lepton channel and for W + bl events.
The nominal SHERPA 2.2.1 prediction is shown in red, while the alternative MADGRAPH 5
one is shown in blue. The nominal distribution weighted by the pT density ratio is plotted in
green, while the one weighted by the BDTr density ratio is shown in magenta. The y?/nq o
metric is evaluated to quantify the difference between the original nominal SHERPA 2.2.1
distribution and the MADGRAPH 5 one, as well as the difference between the nominal SHERPA
2.2.1 distribution weighted by the BDTr density ratio and the alternative one.
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Figure B.91: Validation of the p —2 reweighting procedure on some of the variables entering
the analysis-BDT in the 2-tag, 3-jet region of the 0-lepton channel and for W + cc events.
The nominal SHERPA 2.2.1 prediction is shown in red, while the alternative MADGRAPH 5
one is shown in blue. The nominal distribution weighted by the pT density ratio is plotted in
green, while the one weighted by the BDTr density ratio is shown in magenta. The y?/nq o ¢
metric is evaluated to quantify the difference between the original nominal SHERPA 2.2.1
distribution and the MADGRAPH 5 one, as well as the difference between the nominal SHERPA
2.2.1 distribution weighted by the BDTr density ratio and the alternative one.



B Additional material for the W+jets modelling systematics 287

I/\ 1|||| TTTT TTTT TTTT TTTT TTTT TTTT
; L
+ - _
+§ L 1 1
Z 081 2tag, 2+3jets, SR+CR -+ T aawivH12s
= _ ] +
N i . ] Wbb
So6- —b— |
! ] +Wbc
0.4 | 4
—— B I
i — 1 Twol
Iy | —__ _
02— N o—_.I,__
:—o— — e —— —— | : Wee
- [ | —
0 —— . —
i 4 | stopt
_02-IIII|IIII|IIII|IIII|IIII|IIII|IIII-
“© 50 100 150 200 250 300 350
pTL [GeV]

Figure B.92: The distribution of the quantity &:=W_ as a function of the transverse mo-
mentum of the lepton, p]f is shown for the signal and background processes surviving the
W* — W~ subtraction. The W+jets and single-top t-channel have the largest asymmetry.
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Figure B.93: The distributions of the my,;, (in (a) and (b)), p¥ (in (c) and (d)) and ARy, (in (d)
and (e)) variables in the 1-lepton, 1-tag region, and inclusively in SR and CRs, p¥ range, and
jet categories for the gg — WH signal, the diboson WZ background, all flavour components
of the W+jets background, the single-top t-channel, and the single-top Wt channel. In the
first column, both signal and backgrounds are simulated using the nominal SHERPA 2.2.1
prediction, while on the second column they are simulated using the alternative MADGRAPH

5 prediction.
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Figure B.94: The distributions of the my,;, (in (a) and (b)), p¥ (in (c) and (d)) and ARy, (in (d)
and (e)) variables in the 1-lepton, 2-tag region, and inclusively in SR and CRs, p¥ range, and
jet categories for the gqg — WH signal, the diboson WZ background, all flavour components
of the W+jets background, the single-top t-channel, and the single-top Wt channel. In the
first column, both signal and backgrounds are simulated using the nominal SHERPA 2.2.1
prediction, while on the second column they are simulated using the alternative MADGRAPH

5 prediction.
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C Additional material for the VH,H — bb fit results
C.1 VH,H - bb Signal strength decorrelation studies

In Figure C.95 (a), the combined signal strength from the unconditional fit to the data is
compared to the case where a signal strength parameter is left floating, independently,
in the medium (75 < py. < 150 GeV), high (150 < pY. < 250 GeV) and extreme (py > 250
GeV) p‘T’ regions. A very good compatibility of 98% is found between the combined
and the individual signal strengths measurements in each p‘T’ category. Furthermore,
the combined signal strength is compared to individual signal strength parameters left
floating independently according to the p¥ region and lepton channel (Figure C.95 (b)),
the jet category (Figure C.95 (c)) and the lepton channel and jet category (Figure C.95
(d)). The compatibilities between the combined and the independent measurements are
99%, 30% and 90%, respectively.
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Figure C.95: Figure (a) shows the comparison between the u value obtained from a fit
to the three p‘T’ regions combined, with the case where a signal strength is left floating

independently for each medium, high and extreme p‘T’ region. Figures (b), (c) and (d) show

the cases where a signal strength parameter is left floating independently for each p¥ region
and lepton channel, each jet category and each jet category and lepton channel, respectively.
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