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Introduction

The quest to unravel the fundamental structure of the universe has long
captivated scientists and philosophers alike. Particle physics is the field
that seeks to understand the basic constituents of matter and the forces
governing their interactions. The Large Hadron Collider (LHC) at CERN
stands as a monumental achievement in this pursuit, capable of colliding
protons at unprecedented energies. ATLAS is one of the two general-purpose
particle physics experiments at the LHC and it is designed to fully exploit the
discovery potential of these collisions, pushing the boundaries of scientific
knowledge. Through the ATLAS experiment, it is possible to investigate
the fundamental constituents of matter and their interaction.

So far, all experimental results in this field show excellent agreements
with the predictions of the Standard Model (SM) theory of particle physics.
Despite the SM’s remarkable success in explaining a vast array of phenom-
ena, it leaves several pressing questions unanswered, such as those surround-
ing Dark Matter and the matter-antimatter asymmetry. The development
of various theories beyond the Standard Model has occurred over the years,
yet validation through experimental evidence remains crucial. This under-
scores the significance of advancing our understanding in this domain to
explore new physics beyond the confines of the SM. The ATLAS experiment
aims to validate the SM at new energy scales, investigate the properties of
the Higgs boson and search for phenomena that extend beyond the current
theoretical framework.

This thesis focuses on the measurement of the production of a Z boson,
which decays leptonically, in association with jets originating from b-quarks.
This analysis uses proton-proton collision data at /s = 13 TeV collected by
ATLAS, corresponding to an integrated luminosity of 140 fb=! (referred to
as full Run-2 dataset), that is currently the largest and best known dataset
available at ATLAS. The process of the production of a Z boson in associ-
ation with b-jets is mediated by the strong interaction between quarks and
gluons, which are the fundamental costituents of the proton.

In the measurement, the Z boson decays leptonically in a lepton pair with
opposite charge, either muons (™) or two electrons (eTe™), while the b-
quarks hadronize to form jets. The b-quarks are reconstructed within the
detector as b-jets cones of highly collimated hadrons. Jets coming from b-



quarks hadronisation are disentangled with jets from other quarks or gluons,
exploring measured features related to the properties of the b-quarks (i. e.
the lifetime).

Such studies are crucial for probing perturbative Quantum Chromody-
namics (pQCD) in high-energy regimes, as well as for improving the un-
derstanding of heavy-quark contributions to parton distribution functions
(PDF's), which describe how a proton’s momentum is distributed among its
constituent quarks and gluons. In addition to advancing our theoretical un-
derstanding of pQCD, this process, Z + b jets, is also a key background for
many analyses at the LHC. A prominent example is the study of Higgs boson
production in association with a Z boson (ZH), where the Z boson decays
into leptons and the Higgs boson decays into bottom quark pairs (H — bb).
Although this final state has already been observed at the LHC, improving
the precision of measurements requires a better understanding of the Z + b
jets background. Delving deeper into Higgs physics and studying processes
predicted by the Standard Model is a method of paramount importance to
potentially find evidence of new physics, by identifying discrepancies with
the Standard Model expectations.

The work of this thesis builds upon the recent findings presented by
ATLAS in the measurement of the inclusive and differential cross-sections
for a Z boson in association with b- or c- jets with the full Run-2 dataset.
Specifically this thesis provides differential cross sections as a function of
new observables in the two b-jets final states, not included in the latest
ATLAS publication, particularly those relevant to the Higgs boson sector
plus few others important to pQCD and PDFs studies.

The differential cross sections as a function of the new variables measured
in this thesis are compared with state-of-art MC generators and provide
therefore inputs for their improvements, moreover they offer a more neanced
understanding of the pQCD in this process.

The thesis begins with a brief overview of the Standard Model (Chapter
1), focusing on the theoretical foundations necessary to understand proton
collisions. It also delves into the role of strong interactions, which are funda-
mental to describe the production of the Z boson in association with b-jets.
In this chapter also the state-of-art of the knowledge of the process that is
the aim of the thesis is presented.

A technical description of the LHC and the ATLAS detector follows in
Chapter 2, with emphasis on the reconstruction and identification tools of
the physics objects used in this work. This is crucial for understanding how
events involving Z bosons and b-jets are identified and measured experimen-
tally.

The measurement of the Z + b-jets process at the detector level, i.e.
before correcting for detector effects, is presented in Chapter 3, detailing
the event selection criteria, background estimation techniques and associated
uncertainties.



The unfolding technique, used to pass from the detector-level measure-
ment to the cross-section one at particle level, used for the analysis and the
results of the analysis are presented in Chapter 4 through differential cross
sections, highlighting the dependence on observables not previously consid-
ered in the most recent publication on this process. These results provide
valuable insights into the contributions of heavy quarks and are compared
with theoretical predictions. The systematic uncertainties are discussed in
detail, with a particular focus on how they affect the precision of the differ-
ential cross section measurements.

Finally, the inclusive and differental cross-section are presented and com-
pared with the state-of-art signal MC predictions.

A delailed description of the unfolding procedure, which is used to cor-
rect the data for detector effects, is given in the Appendix. In this work,
the Bayesian unfolding method is employed, allowing for a robust trans-
formation from the detector-level measurements to the particle-level truth
distributions.



Chapter 1

Theoretical and
phenomenological overview

The Standard Model (SM) is currently the theory that best describes the
interactions between fundamental particles. Throughout history, numerous
experiments have attempted to identify flaws or limitations within this the-
ory. Although there are phenomena that the SM does not fully explain, it
remains the most tested and validated theory to date. In this chapter, the
SM is discussed in detail in Section 1.1. In Section 1.2 the peculiar the-
oretical aspects of proton-proton (pp) collisions are addressed and Section
1.3 focuses on Monte Carlo simulations. Section 1.4 delves into the current
understanding of the production of the Z boson in association with b-jets in
pp collisions.

1.1 The Standard Model of Particle Physics

The fundamental forces in physics are four: strong, electromagnetic, weak,
and gravitational. Three of these four fundamental forces, excluding the
gravitational interaction, are described by the SM of particle physics [1]. The
theory of the SM was developed in the latter half of the 20" century through
the work of numerous scientists from around the world. It is a quantum
gauge field theory; the gauge symmetry group is SU(3) and SU(2) x U(1).
SU(3) is the symmetry group of the strong interactions, while SU(2) x
U(1) is the symmetry group of the electroweak interactions. Today, a lot
of experiments confirm the predictions of the SM. However there are also
phenomena that cannot be explained by this theory, such as the Dark Matter
of the Universe, the asymmetry between particles and antiparticles, the
unification of all forces at very high energy including the gravity as it was
at the Big Bang. Due to these limitations, various theories beyond the SM
[2] have been proposed, in which the SM maintains the role of theory valid
at low energies, though these new theories have yet to be confirmed.



The SM describes the fundamental particles in nature and their interac-
tions. All the fundamental particles of the SM are shown in Fig. [I.1] These
particles are divided in two categories: fermions and bosons.
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Figure 1.1: Particles predicted by the SM. The quarks are in purple, the
leptons are green, the gauge boson in red and the Higgs boson is the yellow
one.

The fermions

Fermions are particles with half-integer spin, such as leptons and quarks.

There are three families of leptons, each differing in mass, as illustrated
in Fig. The first family is composed of the electron (e~) and the
electron neutrino (v.). The second family consists of the muon (u) and
the muon neutrino (v,). The third family consists of the tau (7) and the
tau neutrino (v;). Although the SM initially predicted neutrinos to be
massless, experimental evidences, such as neutrino oscillations, indicate that
they possess a small mass [3]. The masses of other leptons increases moving
from the first up to the third family. Electron, muon and tau have the same
electric charge e, while neutrino is chargeless. Leptons can be observed as
free particles.

Quarks are fundamental particles with fractional electric charges of either



—% e or % e. There are three families of quarks, each consisting of two quarks

as shown in Fig.

The first family includes the up quark (u) with a charge of % e and the
down quark (d) with a charge of —% e. The second family includes the charm
quark (c) with a charge of % e and the strange quark (s) with a charge of
—% e. The third family is composed of the top quark (t) with a charge of
% e and the bottom quark (b) with a charge of —% e. Regarding the quarks,
similarly as for the leptons, those in the first generation are lighter, while
those in the last generation are heavier.

They also carry a color charge, which can be in one of three states:
red, blue, or green. Due to the color confinement in strong interactions,
quarks cannot be observed as free particles but only in bound states known
as hadrons. Hadrons can be baryons or mesons. Baryons consist of three
quarks bound together, while mesons are composed of a quark-antiquark
pair. Protons and neutrons are examples of baryons and are made up of the
quark combinations (uud) and (udd), respectively.

Each fermion has an associated antiparticle, known as an antifermion,
which have the same mass as their corresponding fermions but opposite
charges. For instance, the positron (e™) is the antiparticle of the electron
(e7) and has a positive electric charge and it has leptonic number -1.

The Bosons

Bosons are particles with integer spin that act as mediators of the funda-
mental forces.

The SM bosons are: 8 gluons, the photon, the Z boson and the W and
W~ bosons and the Higgs boson.

The photon is the mediator of the electromagnetic interaction, which
affects charged particles.

The gluon is the mediator of the strong interaction, binding quarks to-
gether within protons, neutrons and other hadrons. Gluons carry the color
charges and interact by exchanging this charge with quarks, thus they par-
ticipate in strong interactions themselves.

The Z and W bosons mediate the weak interaction, which is responsible
for processes like beta decay in atomic nuclei. The W bosons exist in both
positively charged (W) and negatively charged (W ™) forms, while the Z
boson is neutral. The Z and W bosons are massive, in contrast to the
photon and gluons, which are massless.

The Higgs boson is a fundamental particle whose discovery in 2012 con-
firmed the Higgs mechanism, responsible for giving mass to elementary par-
ticles. Its interaction with the Higgs field allows particles to acquire mass.

In Table are collected the masses and the charges of all the particles
predicted by the SM.
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Particle Type Charge (e) | Mass (MeV /c?)
Fermions
Electron (e™) Lepton -1 0.511
Muon (™) Lepton -1 105.66
Tau (77) Lepton -1 1776.86
Electron Neutrino (v) Lepton 0 < 0.0000022
Muon Neutrino (v,) Lepton 0 < 0.17
Tau Neutrino (v;) Lepton 0 < 18.2
Up Quark (u) Quark —i—% 2.16
Down Quark (d) Quark —3 4.67
Strange Quark (s) Quark —3 93
Charm Quark (c) Quark +3 1270
Bottom Quark (b) Quark —% 4180
Top Quark () Quark —I—% 173100
Bosons
Photon () Gauge Boson 0 0
Gluon (g) Gauge Boson 0 0
W Boson (W¥) Gauge Boson +1 80379
Z Boson (Z9) Gauge Boson 0 91188
Higgs Boson (HY) Scalar Boson 0 125100

Table 1.1: Fundamental fermions and bosons with their electric charge and
mass [4].

1.1.1 The Standard Model Lagrangian

Each interaction of the SM is described by a quantum field theory [5] in a
specific group. The SU(3) group is the simmetry group for the color that is
used to describe the strong interaction, SU(2) is for the weak isospin, while
U(1) is for the hypercharge and these last two are unified in the SU(2) x
U(1) that describes the electroweak theory. A fundamental parameter that
determines the strenght of the particle interactions is the coupling constant.
The couplings will be described in Section 1.1.2.

The Lagrangian for the Quantum Electrodynamics (QED) for a massless
fermion field ¢ is

_ _ 1
EQED = @bi’y“(?M@ZJ - e@b’V“le,u(:L') - EF;WFMV (1'1)

where A, is the electromagnetic vector field and F),, = 9,4, — 0,4,
is the field strenght tensor. The first term in the lagrangian describes the
free propagation of fermions without interaction, the second term describes
the interaction between the fermion and the gauge field A,, while the third
term is for the energy and the dynamics of the electromagnetic field.
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Imposing the Dirac Lagrangian to be invariant under SU(2) x U(1) local
transformation, the Dirac Lagrangian of the electroweak interaction is

e 1 ; ny 1 v
Lpw =Y fiv'Duf - Wi W — 2B, B (1.2)
f=q,
where
Wi, = 0,W, — 0,W), + ge "Wiw} (1.3)

B, = 0,8, - 0,B,

B, is the gauge field for U(1) group, while W, is the gauge field for the
SU(2) group and D,, is the covariant derivative defined as

D, =8, —igT - A,(z) (1.4)

The vector T represents the generators of the SU(2) Lie algebra.

The Quantum Chromo-Dynamics (QCD) Lagrangian for massless fermion
field written already after imposing the invariance under SU(3) local trans-
formation is

— 1
Loop =Y fir"Dyuf — GG (1.5)
f=q
where G, is the field strength tensor defined as

Gy = 0,4, — 0,4, —igs[A,, A (1.6)

with g, the strong coupling constant and [4,,, A, ] the commutator of the
A, and A, fields. In this last case T represents the generators of SU(3) Lie
algebra.

The QCD theory describes the interaction between colored particles such
as quarks and gluons. These particles cannot be directly observed because
of the property of confinement that is related to the running of the strong
coupling.

1.1.2 Running couplings

The couplings, both electromagnetic e and strong g, are not constant val-
ues but they vary with energy [6]. In QED, the behaviour of the coupling
depends on the energy of the probe. Indeed, as the energy increases, the cou-
pling strength increases and viceversa. The higher is the coupling, the more
intense will be the interaction. Indeed, as Q? increases, the denominator
decreases and e(Q?) increases.

In natural units, the electromagnetic coupling e is usually also expressed
as a = & 50 e and a are proportional.

an>
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The running QED coupling is expressed as:

a(p?)
a(Q?) = —— ; (L.7)
1 - (%)
where Q? is the energy of the probe, 12 is the reference scale, often taken

as 2 = m?, where m, is the mass of the electron. So, here, increasing the

energy of the probe makes the interaction more intense.
In QCD, due to possible gluon-gluon interaction, the behaviour is differ-
ent. The possible tree level Feynman diagrams are shown in Fig.

#TY

Figure 1.2: The diagram on the left is the only possible tree level Feynman
diagram for QED, on the right the possible tree level feynman diagrams in

QCD.

The QCD coupling is

o ( 2) _ as(:uz)
1+ %’f)(llnc — 2nF)ln(%22)

(1.8)

where n.. is the number of colors, ny is the number of flavors and a; = %.
The different sign in the denominator leads to the opposite behaviour.
Here, increasing the energy of the probe, i.e. probing at short distances, the
particles behave as free and the phenomenon is known as asymptotic freedom.
At lower energies and large distances, the coupling becomes stronger, leading
to confinement, that is the reason why colored particles cannot be observed

directly.
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In Fig. are shown the behaviours of the QED and QCD couplings as
a function of the energy of the probe.

(X QED G.s QCD

1GeV: a_ k1
Asymptotic
Freedom :
High Energy *MZ Low Energy  High Energy Low Energy

Figure 1.3: QED (on the left) and QCD (on the right) running couplings in
function of Q2.

1.1.3 Higgs mechanism

Another fundamental component of the SM is the Higgs mechanism, crucial
for explaining the origin of the mass of the particles.

In order to explain the origin of the mass of elementary particles, in the
SM model it is introduced a scalar field, known as the Higgs field. The
Higgs field has a vacuum expectation value different from zero which leads
to the breaking of the electroweak symmetry. As a consequence of the Higgs
mechanism, the W and Z boson acquire mass, the photon remain massless,
and it appears a new scalar particle, the Higgs boson. Interacting with the
Higgs field also fermions acquire mass.

For example, the Yukawa interaction between the Higgs field and fermion
fields is described by the Lagrangian

Lint = % <1/1L¢R + ¢R¢L> + % <¢L¢R + ¢R¢L> h (1.9)
gsv

The mass of the fermion my is given by my = v and recognizing that

YR + YR = 1, the Lagrangian can be rewritten as:

Lint = m i) + =L (1.10)

where the first term is the mass term for the fermion and the second
term shows the interaction between the Higgs boson and the fermion and
the coefficient indicates the strenght of this interaction.

14



Due to this coupling, the probability of interaction between the Higgs
boson and heavier particles is higher.

For many years, the Higgs boson was regarded as the "missing piece”
of the SM. Its discovery in 2012 marked a significant milestone in particle
physics, confirming the Higgs mechanism.

1.2 Proton-proton collision theory

Proton-proton (pp) collisions are crucial experiments in high-energy physics.
In these experiments, two protons are accelerated to extremely high veloc-
ities and made to collide. When two protons collide, their constituents
interact in a variety of ways.

The scattering can be elastic, when the particles in the final state are
the same as those in the initial state, or inelastic. In this thesis the focus
will be on inelastic scattering.

Most of the inelastic interactions are soft, characterized by low momen-
tum transfer and non-perturbative effects, while in hard interactions, which
are described by perturbative Quantum Chromodynamics (pQCD), the mo-
mentum transfer is high. Therefore in the study of pp collisions at high
energy both perturbative and non-perturbative QCD processes are involved.

The inner constituents of the protons—quarks and gluons—begin to in-
teract directly. This process is referred to as deep-inelastic scattering. In
these interactions, pQCD allows for the calculation of cross-sections at fixed
order using Parton Distribution Functions (PDFs) and squared matrix ele-
ments (MEs).

During the interaction, soft and collinear partons can be emitted from the
initial or final states, a process known as parton showering. Parton showers
evolve the system from the hard scattering scale down to the hadronization
scale by simulating successive emissions, which can be modeled through a
series of splittings, resulting in a cascade of lower-energy partons.

Quarks and gluons in the final state recombine to form colorless hadrons
through a process called hadronization, which is based on phenomenological
models. Hadronization ensures that observable particles are color-neutral,
as required by QCD.

In studying pp collisions, additional complexities can arise due to pileup
events, which are soft collisions resulting from other parton-parton interac-
tions occurring simultaneously.

In Fig. a schematic representation of a collision between two protons
is shown. The two objects on the left represent the protons, whose internal
structure is described by parton distribution functions (PDFs). During the
collision, two partons interact in a hard scattering process. The remaining
partons within the protons contribute to what is known as the underlying
event. The elementary particles produced in the hard scattering process

15



constitute the parton level. These partons undergo fragmentation, transi-
tioning from the parton level to the particle level, where quarks and gluons
are combined into hadrons.

; Parton level
Particle level

................ . eteCtOr Ievel

~ _ Showering*-

—

Figure 1.4: Schematization of a pp collision that shows evidently particle
level, parton level and detector level.

1.2.1 The internal structure of the proton and the parton
distribution functions

The protons are hadrons, so they’re not point-like; instead, they are com-
posed of quarks and gluons.

In the Gell-Mann representation, baryons are composed of three quarks,
while the mesons are composed of a quark-antiquark pair. This is just a
static representation of the baryions that, as the deep inelastic scattering
experiments have shown, is not entirely realistic.

Indeed, baryons are dynamic system where quark-antiquark pairs (called
sea quarks) are continuosly created and annihilated producing and absorbing
gluons.

The hadrons are composed of partons that carry a fraction of the total
momentum. The parton distribution functions (PDF) describe the internal
structure of hadrons as a function of the fraction = of the momentum of the
proton carried by the partons at the scale factor Q2. The PDFs give the
probability to find partons in an hadron.

The kinetic variables can be expressed as

Q? Q?
opq  2My’ 4

(1.11)

Il
i ‘*@
NS

Q2 = _q27 x

16



where Q2 is the square of the four-momentum transfer of the photon,
¢? is the square of the modulus of the four-momentum transfer vector in
the process, = is the Bjorken variable (a measurement of the elasticity of
the process), p is the four-momentum of the target particle, ¢ is the four-
momentum of the photon, M is the mass of the target particle, v is the
energy transfer, y is the inelasticity parameter and k is the four-momentum
of the incident particle.

The PDF are parametrized in the following form:

filw, Q%) = 2% (1 — 2)% g;(x) (1.12)

where g; is a polynomium in z or in /x.

These functions cannot be estimated from first principle; instead, they
need to be measured in experiments at a certain scale extracting them from
differential cross-sections and then used in the predictions of new measure-
ments at different scales. The DGLAP equations [7] [8] [9] describe the
evolution of the partonic distributions in order to change the scale from the
initial parametrization to the hard-scattering scale, known as the factoriza-
tion scale. The integro-differential DGLAP equations are

afZ(mﬂ az 2\ ¢ 2
Sina? __qqu Cri (Z02) i) (1.13)

where 2 is the energy scale, associated with the momentum transfer

Afi(zp?) - : 2 :
squared, Az 1 the rate of change with respect to Inu”. It describes

how the PDF evolves as the energy scale u? changes. The sum is made over
partons (quarks, antiquarks and gluons). The integral f 2 accounts for all
possible ways the parton can contribute to the observed parton distribution.

Here P;; represents the splitting functions that are calculated as a series
of the couplings as:

2 3
Qg Qg Qg
Py=52P+ (27r> P+ <27r> PY vo(ad)  (114)

where PZ-(]Q), Pl-(jl) and Pl-(]?) are the leading-order (LO), next-to-leading-
order (NLO), and next-to-next-to-leading-order (NNLO) contributions to
the splitting function.

Parton distribution functions (PDFs) are parameterized by various col-
laborations, including NNPDF [10], CTEQ [1I] and MSTW [12].

CTEQ and MSTW follow a traditional methodology that relies on func-
tional parameterizations to describe the PDFs. Specific functional forms are
chosen and then adjusted to fit experimental data. CTEQ handles uncer-
tainties using the Hessian approach, while MSTW analyzes the covariance

matrix to assess uncertainties.
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On the other hand, NNPDF employs a more modern approach based on
neural networks. This methodology helps reduce bias associated with the
choice of functional forms. It allows a more accurate treatment of statistical
uncertainties and involves a larger number of parameters, enhancing the
flexibility and precision of the PDF modeling.

In Fig. the comparison between these different collaboration is
shown.

g at 1.65 GeV

NNPDF4.0 (68% C.l+10)
Feature Scaling (68% c.|+10)

0.04 [ CT8 (68% c.l)

1] MSHT20 (68% c.I.)
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x
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Figure 1.5: Comparison of the large-x extrapolation regions of the gluon
(top) and the strange (bottom) PDFs between NNPDF4.0 (green), feature
scaling (orange), CT18 (blue), and MSHT20 (pink) [13].

1.2.2 The factorization theorem

The factorization theorem allows to separate the cross-section of pp collisions
into a term that depends on the PDFs and a short-distance parton cross-
section term.

Considering the collision between two hadrons with four-momenta p;
and po, the cross-section can be written as:

. Q* @
o(p1,p2) = Z /dv'Ul/dl“Zfi(fUl,N%)fj(fEZaﬂ%)Uij ($1p1,$2P2,as(M%z),2,2
4,J=4,3,9 Hi ¥

(1.15)

where f; and f; are the PDFs, pup is the factorization scale and pg is
the renormalization scale.
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0;; represents the partonic cross-section for the interaction between the
two partons and it can be expanded perturbatively as

~ “ ~ “ ~ N3
Gij = UZ»LJ»O + asaf}mo + agag}fNLO + agaf}f Lo 4 O(ag) (1.16)

where the leading-order, LO, is the lowest order in the pQCD calculation,
followed by the next-to-leading order, NLO, the next-to-next-to-leading-

order, NNLO, and so on up to a certain perturbative order.

1.2.3 Hadronization

After the parton-parton interaction, elementary particles are generated. Due
to confinement, quarks and gluons cannot be observed directly in the final
state; they form hadrons that cluster in jets [14].

Because of confinement, quarks and gluons cannot exist freely, so they
combine to form color-neutral hadrons that retain the memory of the ele-
mentary particle from which they were generated. In high-energy collisions,
quarks and gluons are produced with very high energies and they can emit
additional gluons, which in turn produce quark-antiquark pairs.

The process in which quarks and gluons are bound into colorless objects
is known as hadronization. The hadrons produced tend to move in collimated
directions, which reflect the momentum and direction of the original partons
from which the hadronization started.

1.3 Monte Carlo simulations

The simulation of events in particle physics is a complex yet essential task,
vital for comparing experimental data with theoretical predictions. While
fixed order calculations in pQCD are available only up to a limited order in
as and just focus on the hard-scattering aspect providing results at parton
level, MC simulations are computational models designed to replicate par-
ticle collisions as observed by detectors, indeed they aim to the complete
simulation of the processes.

A typical hadron-hadron collision can be broken down into three key
elements:

1- the partonic distribution function that provide the initial state of the
interacting partons;

2- the strong interaction between the two partons;

3- the fragmentation/hadronization of partons to form final state.

Typically, the initial scattering between two partons is described by a
matrix element (ME), which calculates the cross-section of the process at
a given order in pQCD. In modern MC generators, there are NLO (Next-
to-Leading Order) MEs that can handle final states with multiple partons.
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However, after the scattering process, the produced partons emit multiple
low-energy and collinear gluons, which can subsequently decay into quark-
antiquark pairs. This phenomenon, simulated in MC generators through the
so-called ”Parton Shower” (PS), allows the inclusion of higher-order effects
that are not captured in the ME.

Another crucial aspect of MC generators is the description of the hadroniza-
tion process, through which partons transform into hadrons. This process
is modeled using phenomenological approaches.

There are two phenomenological models as shown in Fig. that sim-
ulate the hadronization:

- the string model, also known as Lund model;

- the cluster model.

(a) (b)

Figure 1.6: Comparison between string (a) and cluster (b) model hadroniza-
tion.

The string model assumes that as the distance between two partons
increases, the potential energy between them also rises. It becomes en-
ergetically more favorable to break the stretched ”string” and create new
segments, which form ¢g pairs. In this case, the gluons produced give rise
to kinks on the string.

The cluster model is based on the theory of preconfinement [14], which
suggests that colorless clusters of quarks and gluons with finite mass are
formed immediately after the parton shower. These clusters are relatively
small and localized in space. If a cluster is too heavy, it can split into lighter
clusters or it may combine with other clusters to form stable hadrons.

In addition to the description of scattering and hadronization processes,
MC generators also account for the underlying event, which includes the
softer interactions among the produced particles.

Together, the matrix element, parton shower, hadronization models and
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the underlying event provide a complete simulation of collision events. Pro-
grams like Pythia, Herwig, Sherpa, and Madgraph [I8] are examples of
general-purpose MC generators widely used in LHC analyses, capable of
realistically describing the behavior of all final-state particles observed in
experiments.

Phythia, Herwing and Sherpa are general-purpose generators that model
everything from the hard scattering to the hadronization phase.

Phythia uses a dypole-style parton shower, where gluons and quarks
can radiate other partons, leading to jet formation. For the hadronization
it uses Lund string model.

Herwig places emphasis on angular ordering in the parton shower, which
is crucial for maintaining the angular structure of emissions and provides a
more accurate description of jet substructure. For hadronization, Herwig
utilizes the cluster model and is particularly effective for simulating heavy
quark decays, making it suitable for studying charm and bottom quarks.

Sherpa distinguishes itself from Pythia and Herwig by integrating ma-
trix element calculations with parton showers, offering a more precise de-
scription of complex final states. By combining higher-order matrix elements
with parton showers, Sherpa avoids double-counting. For the hadronization
simulation Sherpa uses the cluster model.

MadGraph, on the other hand, specializes in generating matrix elements
for specific processes, particularly those involving potential new physics sce-
narios. The generated matrix elements are then passed to Pythia or Herwig
for parton showering and hadronization.

POWHEG is a tool used to implement Next-to-Leading Order (NLO) cal-
culations within parton shower simulations, providing high accuracy in in-
corporating higher-order corrections.

1.3.1 Usage of Monte Carlo simulations in high-energy ex-
periments

MC simulations aid in event selection by refining criteria to isolate rare pro-
cesses and in background estimation by modeling background processes to
identify new physics signals. They help assess the efficiency of experimental
components, including detectors and analysis algorithms. Simulations also
enable the evaluation of systematic uncertainties by testing the impact of
varying conditions. Lastly, as already said, they are crucial for data valida-
tion and calibration, ensuring the accuracy and reliability of experimental
measurements by comparing simulated and actual detector data.

After event generation, detector simulation is typically carried out. AT-
LAS experiment, for example, uses software such as Geant4 [I5] or AtlFast3
[16]. Geant4 is widely used due to its precision in modeling interactions
between particles and detector materials. AtlFast3 offers a faster, albeit less
precise, alternative for quick simulations.
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Then the potential noise is simulated, including event pileup, to emulate
the actual conditions of the detector readout.

In the reconstruction phase, which is quite similar to processing real
data, various parameters are calculated and tracks, vertices and clusters are
reconstructed to identify objects like particles. For example by analyzing the
energy deposits in calorimeters, physicists can reconstruct the jets, which are
groups of hadrons produced from the same initial parton, using specialized
algorithms (discussed in the following chapter). This phase is critical for ex-
tracting meaningful physical information from the simulated data, ensuring
that the simulations accurately reflect real experimental scenarios.

1.4 The production of the Z boson in association
with b-jets

At the LHC, exploiting the large centre-of-mass energy of pp collisions and
the large amount of data, as it is explained in the Chapter 2, it is possible
to study in details processes not observed before or studied previously just
inclusively. It is the case of the production of a Z boson in association with
b-jets that is the main topic of this thesis.

The Feynman diagrams for this process at LO are shown in Fig. [I.7] and
L8

q Z
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b

Figure 1.7: Feynman diagrams for the production of the Z boson in associ-
ation with a b-jet.

The quarks discussed in Section 1.1 have different flavours, each with
distinct masses, as shown in Table

Due to these varying masses, quarks can be categorized as either light
or heavy. Heavy quarks are those for which the strong coupling constant is
in the perturbative region at their mass scale, specifically the bottom and
top quarks.

Flavour schemes differ based on whether they consider the quark masses
as negligible or significant.
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Figure 1.8: Feynman diagrams for the production of the Z boson in associ-
ation with two b-jets.

Quark | Simbolo | Massa (MeV /c?)
Up u 2.2-23
Down d 4.7 - 4.8
Charm c 1280
Strange S 96
Top t 173100
Bottom b 4180

Table 1.2: Masse approssimative dei quark.

In the four-flavour number scheme (4 FNS), the bottom quark is much
heavier than the proton (mp = 938.27 MeV/c?) , and as a result, it can only
be produced in pairs through gluon splitting. Therefore, it is not considered
a contributing factor in the determination of the PDFs.

The five-flavour number scheme (5 FNS) is applicable only when the
energy scale is higher than the mass of the bottom quark. In this scenario,
the bottom quark is treated as massless, allowing it to contribute to the
initial state of the proton. Consequently, it is included in the calculations
of the PDFs.

The signature measured in this thesis consists of two leptons with op-
posite charge and same flavour, originating from the decay of the Z boson,
and two b-jets resulting from the hadronization of b-quarks.

These kinds of studies provide an important test of pQCD, applicable in
the regime of very high energy and short distance interactions.

Moreover, they are crucial for understanding the contribution of heavy
quarks to parton distribution functions (PDFs).

The production of Z+Db jets is a significant background for many analyses
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at the LHC, including the study of the Higgs boson produced in association
with a Z boson (ZH). In this process, the Z boson decays into leptons and the
Higgs boson decays into bottom quark pairs (bb), as shown in the Feynman

diagram in Figl[T.9

ol

Figure 1.9: Feynman diagram for the production of the Higgs boson decaying
in two b-jets in association with a Z boson.

The Higgs boson decay into a pair of bottom quarks is the dominant
decay mode predicted by the SM for a Higgs boson with a mass of 125 GeV,
which corresponds to the mass of the Higgs boson discovered at the LHC in
2012. This decay channel has a branching ratio (BR) of approximately 58%,
as shown in Fig. However, due to the large multijet background, this
decay can only be studied in associated production at the LHC, where the
signal-to-background ratio is more favorable. The downside is a significant
reduction in the production rate.

In this context, the production of W/Z + H(bb), where two b-jets are
present in the final state along with the leptonic decay of the W (W — (v)
or the Z (Z — ¢l), represents one of the leading topologies for studying
Higgs physics at the LHC and the Higgs coupling to the b-quark.

This final state has been observed at the LHC, but, to improve the
precision of these measurements, a better understanding of the W /Z+b-jets
background is required, that indeed represents currently one of the main
limit factor of the measurement [19].

The production of Z + b-jets faces several background processes, such as
Z + c or light jets, Z boson production in association with an Higgs boson,
tt events, single top events, diboson production, Z — 77.

In the production of the Z boson in association with b-jets, the largest
background is the production of the Z boson with jets originating from the
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Figure 1.10: Branching ratios of the possible decay channels of the Higgs
boson. [17]

hadronization of other quarks, different from the b-quark, such as ¢ quarks
or light quarks (up, down, and strange).

Another significant background is ¢t pair events, which are abundantly
produced at the LHC. The top quark decays almost exclusively (close to
100%) into a W boson and a b quark. To obtain two leptons and b-quarks
in the final state, the relevant decay channel is tt — WTbW ~b — Itvbl~vb,
which has a branching ratio of 10%.

Single top production is also a background for Z + b-jets production and
there are three different channels for this process: t-channel, s-channel and
production in association with a W boson.

The production of the Z boson in association with a Higgs boson (ZH
events) is another background process, as previously explained. The Z bo-
son decays leptonically and the Higgs boson can decay into two b quarks,
producing two b-jets.

Another important background is the diboson final state, where the
bosons can be two Z bosons, two W bosons or a W and a Z boson—generally
referred to as two vector bosons (VV = WW,ZZ W Z).

1.4.1 State of art of Z + b-jets measurements

The inclusive and differential cross-sections for the production of Z bosons in
association with b-jets have been studied in proton-antiproton collisions at
a center-of-mass energy of /s = 1.96 TeV by the CDF and D0 experiments
[20, 21] and in pp collisions at /s = 7 TeV at the LHC by the ATLAS
and CMS experiments [22] 23]. Additionally, the CMS experiment extended
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these measurements to /s = 8 TeV [24]. Both experiments performed
studies at /s = 13 TeV using the full Run-2 dataset [25] [26].

The most recent ATLAS result at /s = 13 TeV full Run-2 dataset mea-
sured both the inclusive and differential cross-sections for Z boson produc-
tion (decaying into electrons or muons) in association with at least one or at
least two b-jets, or at least one c-jet. In this measurement, jets are required
to have a transverse momentum of pr > 20 GeV and rapidity |y| < 2.5.
This phase space closely resembles earlier measurements at /s = 7 TeV
and those conducted by the CMS experiment, commonly referred to as the
resolved regime.

In this measurement only few differential cross-sections have been mea-
sured in the final state with at least 2 b-jets. A previous ATLAS measure-
ment [28] was performed at /s = 13 TeV, using a partial dataset where a
larger set of observables in the final state with at least 2 b-jets were pre-
sented. In addition, ATLAS provided measurements of both inclusive and
differential cross-sections in the boosted regime using a partial dataset [27].
These measurements are compared with state-of-the-art MC predictions for
Z + b-jets production that utilize different flavor and mass schemes. These
predictions typically combine next-to-leading-order (NLO) matrix elements
with parton showers (PS).

The primary aim of this thesis is to provide differential cross-sections of
the Z boson in association with at least two b-jets in the resolved regime.
These measurements utilizes pp collision data from the ATLAS experiment
at /s = 13 TeV, using the complete LHC Run-2 dataset (140 fb~1). Com-
pared to the previous ATLAS measurement at /s = 13 TeV in the resolved
regime, this work provides measurements as a function of variables not in-
cluded in the latest ATLAS publication on the full dataset.
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Chapter 2

The ATLAS experiment at
LHC collider

CERN [29] (European Council for Nuclear Research) is the one of the larger
laboratory in the world for particle physics and it is based in Geneva, Swiss.
At CERN is installed the Large Hadron Collider (LHC) [30], that is the
world’s largest and most powerful particle accelerator. The LHC is designed
to collide protons at a maximum centre of mass energy /s = 14 TeV. The
very high energies at which LHC works are reached through an accelerator
chain as shown in the Figure [2.1].
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Figure 2.1: CERN accelerator complex.

The accelerator complex at CERN starts from LINAC4 that, since 2020,
is the source of the proton beams. Linac4 substituted LINAC2. It acceler-
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ates negative hydrogen atoms up to 160 MeV. The ions are than injected in
the Proton Synchtotron Boosted where they’re divided by their electrons,
leaving only protons. Before to be injected into the Proton Synchrotron
they’re accelerated up to 2 GeV and then up to 26 GeV. In the Super Pro-
ton Synchrotron they’re accelerated up to 450 GeV. Then the protons are
transferred to LHC.

2.1 The Large Hadron Collider

The LHC [32] has a circumference of 27 km and it collides protons or heavy
ions, in particular lead nuclei. LHC completed two data-taking campaigns:
Run 1 (up to 2012) where the proton collision energy was /s = 7 and 8 TeV,
Run 2 (from 2015 to 2018) where the proton collision energy was /s =
13 TeV. Since 2022, the Run 3 campaign is on-going at /s = 13.6 TeV.

In this work the data collected in Run 2 are used.

In the accelerator, particles circulate in a vacuum tube in order to reduce
the probability of collisions with air molecules. The trajectory is manteined
by dipole magnets, while quadrupole magnets keep focus the beam. The
accelerating cavities are electromagnetic resonators that accelerate particles.

In order to create very high magnetic field to have a circular shape 27
km long, superconducting electromagnets are employed. The dipoles become
superconducting below a temperature of 10 K. To have a magnetic field of
almost 8.3 T, the LHC operates at 1.9 K. These temperatures are reacheble
with a superfluid helium cooling system.

The LHC is made of eight arcs and eight insertions. The arcs contain
the dipole bending magnets, while the insertions are long straight sections,
each one with two transition regions. The sector is the region between two
insertion points and at each sector there are different working units that
take care of magnet installation, hardware, powering.

The proton beam at LHC is divided in almost 2808 bunches with 25 ns
bunch spacing in Run 2. The number of particles per bunches is of the order
of 1011,

LHC accelerates two particles beams in opposite directions before collid-
ing them in four interaction points distributed along its ring. At each inter-
action point, a detector is housed. ATLAS (A Toroidal LHC ApparatuS) and
CMS (Compact Muon Solenoid) are the two multipurpose experiments of
LHC, while two specific experiments LHCb (Large Hadron Collider beauty)
and ALICE (A Large Ion Collider Experiment) are focused respectively on
studies of the b-quark and of the heavy ion collisions.

In Table the main collider parameters are collected.
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Parameter Value

Tunnel Length 27000 m

Magnet Cooling Temperature 1.8 K

Number of Main Dipole Magnets 1200

Quadrupole Magnet Count 860

Radio Frequency Cavities 10 per beam

Spacing Between Bunches 30 ns (or multiples)

Magnetic Field at Maximum Energy | 8.5 T

Target Luminosity 10% em~ 2571

Beam Energy, Protons 8, 13 TeV (Run 2), 14 TeV (Run 3)
Bunch Collision Frequency 50 MHz

Maximum Bunches Per Beam 2900

Protons Per Bunch 1.2- 10 (30 ns) or 1.7 - 10 (60 ns)

Total Collision Events Per Second 700 million

Crossing Angle at Interaction Points | 310 urad

Table 2.1: Main Parameters of the Collider

2.1.1 The Luminosity at LHC

To assess the performance of the accelerator, a useful quantity is the instan-
taneous luminosity L, defined as the number of interactions per unit of time
and area

- 1IN

7 (2.1)

where % is the event rate of a given physics process and o is the cross-
section. The instantaneous luminosity is expressed in units of em=2s7 1.
Indeed, the integrated luminosity is the number of interactions per unit

of area

L:/Lﬁ (2.2)

In the case of a collider, the instantaneous luminosity is measured as

N1Ny

L= fr ny 1
o4Oy

(2.3)

where f, is the beam revolution frequency, ny is the number of bunches
in each beam, N7 and Ny are the number of protons in each beam, o, and
oy are the gaussian transverse profile of the beams. This formula is true if
the collision is head-on, otherwise, it’s necessary to multiply by a factor S
that depends on the crossing angle.

During Run 1 LHC delivered to ATLAS 28 fb~! of data, 25 fb~! of the
total provided amount of data was usable for physics analyses. During Run
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2 the delivered data were 156 fb~! of which 140 fb~' were good for physics
analyses. The expected luminosity that LHC will deliver by the end of Run
3 is about 300 fb~ 1.
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Figure 2.2: Integrated luminosity in function of data taking period.

The complete formula for the luminosity, considering also these param-

eters, is
= ey g (2.4)
4d7e, B

where N7 and No are the number of protons in each beam, n; is the
number of bunches, f is the revolution frequency, « is a factor that increases
with the beam energy, €, is the normalized emittance, 5* is the beta function
at the interaction point, F is the geometric reduction factor.

The luminosity is also influenced by pile-up and underlying events. Pile-
up is defined as the mean number of pp interactions per bunch crossing,
denoted as (u). Pile-up poses a challenge for detectors because it is desirable
to have a low pile-up in order to collect events originating from a single
interaction. However, with increasing luminosity, the pile-up also increases.

In Fig. the mean number of interactions per bunch crossing is shown.
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During Run 2, the average number of interactions per bunch crossing, (i)
(pile-up), was 33.7.

600—|—||||IIII|||II||III|IIII||||||||II|III
ATLAS Online, 13 TeV det=146.9 fio -1
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2017: <u>=37.8
2018: <u> = 36.1
Total: <u> = 33.7
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Figure 2.3: Integrated luminosity as a function of the mean number of in-
teractions per crossing.

2.2 The ATLAS detector

The ATLAS detector [31] (in Fig. [2.4) is a general-purpose detector and it
has a cylindrical shape. It is placed in one of the four interaction points.
ATLAS is an hermetic detector, all around the interaction point and is
forward-backward symmetric. It covers a solid angle of nearly 47 steradians.
It is 44m long, its diameter is 25 m and it weights 7000 tonnes.

The ATLAS detector is made of subsystems: Inner Detector, Calorime-
ters, Muon Spectometer and a Magnet System.

The expected resolution of the ATLAS subdetectors are summarised in
Table 2.2
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Figure 2.4: Representation of the ATLAS detector.

Detector component Required resolution
Tracking C;:ﬂ = 0.05%pr ® 1%
EM calorimetry 22 =10%/VE & 0.7%
Hadronic calorimetry (barrel) % =50%/VE @ 3%
Muon spectrometer = =10% at pr =1 TeV

Table 2.2: Expected resolutions of the ATLAS sub-detectors

2.2.1 The ATLAS reference frame

The ATLAS coordinate system is right handed: the x— axis points to the
center of the LHC ring, the z— axis runs along the tunnel while the y— axis
points up. The origin of the coordinate system is the geometric center of the
detector. Polar coordinates are also used in the (R, ¢) plane. The angle ¢ is
the one in the transverse plane between the x and y axes, and its formula is

¢ = arctan (@)
Pz

where p, and p, are the momenta along the x and y axes. The angle ¢ is
the angle between the z-axis and the transverse plane. Another fundamental
quantity is the rapidity y, which is defined as

In the relativistic limit, where the particle mass can be neglected, a more
convenient quantity called pseudorapidity 7 is used, which is defined as

)
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To parameterize the track, the following parameters are used:

- the polar angles ¢g and 6y;

- the transverse and longitudinal impact parameter zy and dy;

- the ratio between the charge and the momentum of the particle.

2.2.2 Magnet system

The magnet system [37] is a fundamental component of the ATLAS detector.
The ATLAS detector primarily consists of two main magnet systems: a
solenoid and a barrel toroid, along with two end-cap toroids. A schematic
representation of the ATLAS magnet system is shown in Fig.

Ceniral Solenoid

Barrel Toroid

Endcap Toroid

Figure 2.5: ATLAS magnetic system made of solenoid and toroids.

The solenoid provides a 2 T axial magnetic field for the Inner Detector,
aligned with the beam axis. It is constructed from 9 km of niobium-titanium
superconducting wires embedded in pure aluminum strips and it weighs over
5 tonnes. The solenoid is 5.8 m long, with a diameter of 2.56 m and a
thickness of 4.5 cm.

The barrel toroid surrounds the central region of the experiment and is
composed of eight coils. It is constructed from 56 km of superconducting
wire, measuring 25.3 m in length and 20.1 m in diameter, with a total weight
of 830 tonnes. The barrel toroid generates a magnetic field of approximately
0.5T.

The two end-cap toroids provide a magnetic field of nearly 1 T for the
Muon Spectrometer. The conductors in these toroids are made of aluminum,
niobium-titanium and copper. Each end-cap toroid is 5.0 m long, with an
outer diameter of 10.7 m and weighs 240 tonnes.

2.2.3 Inner Detector

The Inner Detector (ID) [33] (in Fig. and is the closest detector
to the interaction point. It is immersed in a 2 T magnetic field generated
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by central solenoid. This detector provides pattern recognition, momentum
resolution and both primary and secondary vertex measurements for charged
tracks. This applies to particles above a specific transverse momentum (pr)
threshold and whithin a pseudorapidity range of || < 2.5. The cylindrical
central region provides a full coverage for |n| < 1.5. The disks in the two
endcaps covers a pseudo-rapidity range of 1.5 < |n| < 2.5.

The ID is made of 3 independent sub-detectors:

- Pixel Detector, made of 4 layers in the barrel and 3 layers in each of
the two endcaps;

- Semiconductor Tracker, made of 4 barrel strip layers and 9 endcaps;

- Transition Radiation Tracker, made of straw tubes in barrel and end-
caps.

} End-cap semiconductor tracker

Figure 2.6: Internal structure of the Inner Detector that measures direction,
momentum and charge of particles.

The Pixel Detector is the closest sub-detector to the vertex region and
typically provides almost four measurements per track in the barrel. Its
proximity to the interaction point makes it essential for reconstructing sec-
ondary vertices, which are crucial for identifying heavy quarks. The Pixel
Detector is based on semiconductor technology that utilizes silicon pixels and
strips. When a charged particle passes through the silicon wafer, it generates
electron-hole pairs. Under the influence of an applied potential difference,
the holes drift towards the p-n junctions, where they are collected. The four
layers of the Pixel Detector achieve a resolution of 14 um (r—¢) x115um (z).
The first of the four layers is placed at a distance of 3.3 cm from the LHC
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Figure 2.7: Trasversal representation of the Inner Detector.

beam line, while the other three at distances of 50.5, 88.5 and 122.5 mm
respectively.

The Semiconductor Tracker (SCT) provides eight measurements per
track in the barrel, with strips replacing the pixels used in the Pixel De-
tector. The silicon strip detector achieves a spatial resolution of 17um in
the transverse plane and 580um along the z-axis.

The Transition Radiation Tracker (TRT) extends track reconstruction
capabilities up to |n| = 2.0 with a resolution of 130um in the transverse
plane (R — ¢) in the barrel and a resolution of 130um along the z-axis
in the endcap. The TRT also aids in electron identification by detecting
the fraction of hits with an energy deposit above the transition-radiation

threshold.
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2.2.4 The Calorimeters

In the ATLAS detector, there are two types of calorimeters: electromagnetic
and hadronic. The ATLAS calorimeters are positioned around the Inner
Detector, providing coverage up to |n| < 4.9.

Calorimeters are detectors designed to measure the energy of particles
passing through them by absorbing their energy and converting it into mea-
surable signals, which are proportional to the energy deposited. In addition
to measuring energy, calorimeters can also provide information about the
type of particle, thanks to their segmentation and fine granularity, which
allows for the tracking of particle trajectories. The measurement process in
calorimeters is destructive, as they absorb the entire energy of the particle.

A sampling calorimeter, as the one employed in ATLAS, consists of two
main components: the absorber and the active material. When a particle
enters the calorimeter, it interacts with the absorber material, producing
a cascade of secondary particles, known as a particle shower. This shower
is then detected by the active material, which generates the measurable
signals.

The Electromagnetic Calorimeter

The Electromagnetic Calorimeter [34] (in Fig. is designed to absorb and
detect electrons, positrons and photons. It is also called Liquid Argon (LAr)
Calorimeter because the detection medium used is Liquid Argon, which is
interspersed with lead plates that act as the absorber.

The Electromagnetic Calorimeter consists of three sections: a central
barrel section (covering |n| < 1.475) and two endcaps (covering 1.375 <
In|] < 3.2). These sections provide measurements in different regions of
pseudorapidity. The central part features a distinctive accordion geometry,
which ensures excellent azimuthal coverage over the entire range of the ¢
angle.

The Hadronic Calorimeter

The Hadronic Calorimeter (in Fig. measures the energy of show-
ers produced by hadronic jets. It consists of three different sections: the
Tile Calorimeter, two Liquid Argon (LAr) Hadronic End-Cap Calorimeters
(HEC) and the LAr Forward Calorimeter (FCal), which is composed of three
layers.

In the Tile Calorimeter [35], particles interact with steel plates, pro-
ducing hadronic showers. The scintillating material within the calorimeter
generates photons when these showers occur. These photons are then con-
verted into an electric current, which is measured and is proportional to
the energy of the particles. The Tile Calorimeter covers the pseudorapidity
region |n| < 1.7.
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Figure 2.8: Representation of the electromagnetic calorimeter (up), section
of the eletromagnetic calorimeter that shows the accordion geometry (down).

The HEC [34] covers the region 1.5 < |n| < 3.2, while the FCal covers
3.1 < |n| < 4.9. Both the HEC and the first layer of the FCal (FCall) use
copper as the absorber material and liquid argon as the detection medium.
The second and third layers of the FCal (FCal2 and FCal3) use tungsten as
the absorber, also with liquid argon as the detection medium.

2.2.5 The Muon Spectrometer

A specific detector is used to measure the momentum of muons and identify
them. This detector is called Muon Spectrometer [36] (in Fig. [2.10). The
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Figure 2.10: Grafical representation of the ATLAS Muon Spectrometer: in
the r — z plane (left), in the transverse x — ¢ plane (right).

spectrometer is divided into three parts: a barrel and two endcaps. It is
composed of several sub-detectors, such as Monitored Drift Tubes (MDTs)
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and Cathode Strip Chambers (CSCs), which provide precise measurements
of the muon momentum. Additionally, Resistive Plate Chambers (RPCs)
and Thin Gap Chambers (TGCs) are employed for fast response in online
triggering and have coarser granularity.

The barrel is made of three concentric cylindrical layers (station) at radii
of 5m, 7.5 m and 10 m around the beam axis. In the transition and end-cap
regions the chambers are situated at 7.4 m, 10.8 m, 14 m and 21.5 m along
the z— axis relative to the geometric center and they’re installed vertically.

Superconducting toroidal magnets are used to detect the trajectories of
the particles. The large barrel toroid covers the region with pseudorapidity
In| < 1.4, while the two endcaps cover the regions 1.6 < || < 2.7.

The muon spectrometer aims for a momentum resolution Apy/pr <
1 x 107* x p/GeV for pr > 300 GeV. At lower momenta, the resolution
is limited by multiple scattering and energy loss fluctuations. To achieve
the required resolution, a three-point measurement must have each point
measured with an accuracy better than 50 pm, setting the requirements for
the muon chambers’ design and stability.

Monitored Drift Tube (MDT) chambers are used in most regions, offering
a resolution of approximately 80 um. In regions with high pseudorapidity
(In] > 2), Cathode Strip Chambers (CSCs) are deployed to handle the high
rates and background conditions. The Thin Gap Chambers, instead, covers a
pseudorapidity region of 1.05 < |n| < 2.4 while the Resistive Plate Chambers
(RPC) have a psudorapidity range of |v| < 1.05].

The detection elements of the MDT chambers are aluminium tubes of
30 mm diameter and 400 um wall thickness, with a 50 ¢ m diameter central
wire. These tubes operate with a non-flammable Ar-CH4-No gas mixture at
a pressure of 3 bar. Each tube provides a single-wire resolution of ~ 80 um.
In the inner station, tubes are arranged in 2 x 4 monolayers and in the
middle/outer stations in 2 x 3 monolayers, to improve resolution. The
tubes are mounted on spacer frames that ensure mechanical stability and
alignment.

The muon momentum is measured by the deflection caused by the mag-
netic field, with sampling occurring in the three layers of the Monitored
Drift Tubes (MDTs). When a muon passes through the tube, the electrons
produced by ionization drift toward the wire.

The Cathode Strip Chambers (CSCs) complement the Monitored Drift
Tubes in the regions 2.0 < |n| < 2.7 and are located in the endcaps. These
are multi-wire proportional chambers with cathode planes segmented into
strips. In these strips the distance between anode and cathode matches the
anode wire pitch. The precision coordinate is determined measuring the
charge induced on the segmented cathode. With a wire pitch of 2.54 mm
and cathode readout pitch of 5.08 mm, CSCs achieve spatial resolutions
better than 60 pm.

The Thin Gap Chambers (TGCs) and the Resistive Plate Chambers
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(RPC) are responsible for triggering in both the endcaps and the barrel
region. They complements the measurement of the MDTs in the radial
direction. The TGCs consist of two layers: one for low-pr triggering and the
other for high-pr triggering. The RPCs are detectors composed of resistive
plates with 2 mm gas-filled gaps, where an electric field of 4.9 kV/mm is
applied between the plates. They offer excellent time resolution of 1.5 ns,
making them ideal for trigger systems. This configuration allows avalanches
to develop along ionizing particle tracks towards the anode plates. On the
other hand, the TGCs use an anode wire at 2900V, placed between resistive
cathode plates in a gas-filled chamber. TGCs also provide good timing
resolution for particle detection.

2.2.6 Trigger and Data Acquisition System
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Figure 2.11: Schematization of the ATLAS Trigger and Data Acquisition
system.

At ATLAS, a huge amount of data is collected, so the Trigger and Data
Acquisition (TDAQ) system (in Fig. [38] is essential for selecting only
the data useful for physics analysis. This system reduces the event rate
from 40 MHz to 1 kHz by discarding non-interesting events as quickly as
possible. The TDAQ system consists of two trigger levels: the Low-Level
Trigger (LLT) and the High-Level Trigger (HLT).

The Low-Level Trigger collects data from the calorimeters and the
muon spectrometer to identify regions of interest (Rols) in n and ¢. It
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reduces the event rate from 40 MHz to 100 kHz within 2.5 ps. This is a
hardware-based trigger.

The High-Level Trigger uses the Rols identified by the LLT as input
and processes the event data for full reconstruction. It is a software-based
trigger that employs online selection algorithms to further reduce the event
rate from 100 kHz to 1 kHz with a processing time of ~ 200 ms and an
event size of about 2 Mbyte.

Events that pass through the trigger system are sent to CERN Tier 0
for offline reconstruction and saved as Analysis Object Data (AODs). These
datasets are processed to produce different derived AOD (DAOD) formats,
which contain a subset of events and reduced reconstruction information
tailored for specific physics analysis and performance groups. These DAOD
types are utilized by analysts who create condensed ntuples for further pro-
cessing or final physics results. Additionally, simulated data are produced
in AOD format and undergo further reductions, ultimately resulting in a
ntuple format that is usable for physics analyses.

Data quality is assessed both online and offline to reject data affected by
potential hardware or software issues. In the full Run-2 dataset, almost 94
% of the recorded events were deemed good for physics analysis [59].

2.3 Object Reconstruction and Identification in
ATLAS

When particles pass through the detector and leave a signal, the next step
is to reconstruct the full kinematics of the particle and perform its identifi-
cation. The output of pp collisions consists of a series of electronic signals
that must be reconstructed into physical objects. This section illustrates
how the reconstruction of the physics objects needed to perform the mea-
surements described in this thesis at ATLAS, namely the reconstruction of
electrons, muons, jets , b-jets and missing transverse energy, used to identify
the neutrinos.

2.3.1 Electrons

Electrons lose part of their energy due to bremsstrahlung when passing
through materials, causing emitted photons that at high energy generate
electron-positron pairs, leading to an electromagnetic shower. The recon-
struction of electrons [39] in the ATLAS detector involves several key steps:
Energy Deposit in the Electromagnetic Calorimeter (EMCal): Elec-
trons deposit energy in the EMCal, which is measured by summing the en-
ergy from each calorimeter layer. A sliding-window algorithm is used to
identify localized energy deposits, forming clusters. This algorithm searches
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for nearby clusters to determine which should be kept based on energy cri-
teria.

Tracks in the Inner Detector (ID): Charged particles, including elec-
trons, leave tracks in the silicon pixel detector and the SCT detector, which
offers three-dimensional measurements. Track reconstruction in the AT-
LAS ID begins by forming clusters of hits, which are then converted into
three-dimensional space-points using pattern recognition and fitting algo-
rithms. For tracks not meeting initial criteria, a Gaussian-sum filter (GSF)
is applied. The GSF better accounts for energy loss due to bremsstrahlung,
improving the accuracy of critical track parameters, such as the transverse
impact parameter significance. This method provides more precise recon-
struction for electron tracks compared to standard fitting techniques.

Track-Cluster Matching: The final electron reconstruction process
involves matching track candidates to calorimeter seed clusters with strict
criteria. The primary electron track is selected based on factors such as the
distance in 7 and ¢ between the tracks and the cluster barycenters in the
second layer of the calorimeter, the number of hits in the silicon detectors
and the number of hits in the innermost silicon layer. Reconstructed clusters
are formed by expanding around the seed cluster, using different window
sizes for the barrel (3 x 7) and endcap (5 x 5) regions. The cluster energy
is then calibrated using multivariate techniques after the selection of electron
candidates to ensure accurate representation of the original electron energy.

Electron identification: Electrons are identified using a likelihood
(LH) method. The LH identification method distinguishes between signal
(prompt electrons) and background (jets mimicking electrons, electrons from
photon conversions and non-prompt electrons) by calculating likelihoods for
both signal (Lg) and background (Lpg). These likelihoods are computed as
the product of probability density functions (pdfs) and various x quantities

Lsp)(x) = [ [ Psa).(@i) (2.5)
=1

where Pg;(x;) is the value of the signal PDF for the quantity i at value
x; and Pp;(x;) is the corresponding PDF for the background.
The discriminant dj, is calculated as:

__Ls
- Ls+Lgp
The discriminant d; peaks sharply at one for signals and at zero for
backgrounds. To facilitate selection, dj, is transformed using an inverse
sigmoid function into d/L, creating a more convenient range of values. Indeed,
the sigmoid function transforms continuos real numbers into a range of (0, 1).
Electrons with dlL above a specific threshold are identified as signal. The
LH-based identification is advantageous over cut-based methods because

dr, (2.6)
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it integrates information from multiple discriminating variables, enhancing
overall identification efficiency even if individual criteria are not met.

There are three operating points (OPs) that are commonly used in
physics analyses and are defined based on the minimum value of the LH dis-
criminant. These points are known as LooseLH, MediumLH and TightLH
and are ordered in decreasing identification efficiency with an inversely pro-
portional increase in electron signal purity.

In this analysis, electrons must meet the Tight likelihood requirement
and satisfy the conditions of pr > 27GeV and |n| > 2.47. The isola-
tion based on calorimeter measurements is characterized by the variable
ET7 cone 20 /pT, where ET, cone 20 represents the sum of transverse energy
from energy clusters contained within a cone of AR = 0.2 centered around
the electron cluster that matches the track. Conversely, the track-based iso-
lation is represented by the variable pr, varcone 20/P7, Where pr. varcone 20 iS
the scalar sum of the transverse momenta of tracks located within a cone
that varies in size based on pr and is defined as AR = min(0.2,10 GeV/Er).

2.3.2 Muons

Muons are charged particles that leave tracks in the inner detector (ID),
muon spectrometer (MS) and occasionally small energy deposits in the
calorimeters. The muon reconstruction process [40] in the Muon Spectrom-
eter begins with searching for hit patterns in each muon chamber to form
segments.

In MDT (Monitored Drift Tube) chambers, a Hough transform is used
to identify hits aligned along a trajectory and straight-line fits are applied
to these hits. In CSC (Cathode Strip Chamber) detectors, separate searches
are conducted in the 1 and ¢ planes to form segments.

Muon track candidates are constructed by combining hits from segments
in different layers of the MS, starting with segments in the middle layers
(where more trigger hits are available) and then extending to outer and
inner layers. Segments are selected based on hit multiplicity and fit quality,
with a minimum requirement of two matching segments to form a track.

Four reconstructed muon types are defined based on the algorithms and
subdetectors used to reconstruct the muon tracks and they are described
below:

- Combined (CB) Muons: Tracks are independently reconstructed in
both the Inner Detector (ID) and Muon Spectrometer (MS), then combined
using a global refit. Most CB muons follow an outside-in approach, starting
in the MS and matching to ID tracks.

- Segment-tagged (ST) Muons: ID tracks are classified as muons if they
match at least one MS track segment, useful for low-pr muons or regions
with reduced MS coverage.

-Calorimeter-tagged (CT) Muons: ID tracks are identified as muons if
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they match an energy deposit in the calorimeter with a minimum ionizing
particle, this type improves acceptance where MS is less instrumented;

- Extrapolated (ME) Muons: Only MS tracks are used, extrapolated to
the interaction point, useful for the high-|n| region, 2.5 < |n| < 2.7, where
there is no ID coverage.

Similar to electron identification, muons are identified using certain dis-
criminating variables with four identification working points:

- Loose, where the CB and ME muons are considered while the CT and
ST are restricted to the |n| < 0.1 region. This identification criterium
maximise the reconstruction efficiency while providing good-quality muon
tracks.

-Medium, where only the CB and ME tracks are considered. This se-
lection minimises the systematic uncertainties associated with muon recon-
struction and calibration.

- Tight, that considers only CB muons with hits in at least two stations
of the MS and satisfying the Medium selection criteria. This criterium is
useful to maximise the purity of muons at the cost of some efficiency.

- High-pr, that maximises the momentum resolution for tracks with
transverse momentum above 100 GeV. The muons that pass the Medium
selection and with at least three hits in three MS stations are selected.

These points vary based on the requirements for signal purity and back-
ground rejection.

In this analysis, muons must satisfy the Medium identification criterion,
where only CB and ME muons are considered and they are required to have
pr > 27 GeV and |n| > 2.5.

2.3.3 Jets

Quarks and gluons are produced during proton-proton collisions and are
captured in the hadronic calorimeter. The reconstruction and identification
of jets, which are collimated bunches of energetic particles, are crucial and
challenging aspects of ATLAS data analysis.

Jets are reconstructed from electromagnetic topo-clusters (EMTopo jets)
using algorithms that ensure the process is infrared and collinear safe (Fig.
, meaning that it is stable against soft (low-energy) emissions and
collinear splittings, respectively.

This approach is also designed to be independent of the detector, fully
specified with clear kinematic definitions and consistent regardless of the
level at which the algorithm is applied.

At ATLAS, the anti-k; algorithm [43] is used for jet reconstruction. This
algorithm produces jets with a conical shape, making it different from other
clustering algorithms that may result in more irregular shapes as shown in

Fig.
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Figure 2.13: Comparison between different cone algorithm in pr, ¢, y coor-
dinate system.

The anti-k; algorithm calculates the distance between two objects (i and
j) as:
AR%
R2

pQT (2.7)

. 1
di; = min
7j

1
2 b
T,i
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while the distance between the object i and the beam is

Pr;
where pr is the transverse momentum, R is the jet parameter and AR;;
is defined as

AR;j = (yi —y;)° + (¢ — ¢5)° (2.9)

with y; the rapidity, ¢; is the azimuth angle.

If d;; < d; the two objects are combined in a new one, while if d; < d;;
the object i is declared as a jet and it is removed from the particle list.

The procedure continues until no more particles remain to be examined.

The positive aspects of the anti-kt algorithm are that soft particles (pr —
0) result in d — oo, so they are clustered last reducing the impact of low-
energy noise. Collinear particles have d — 0, ensuring they are clustered
first, maintaining the integrity of high-energy jets.

The jet radius parameter R determines the size of the jet cone and affects
the jet reconstruction process. In this analysis:

- A radius of R=0.4 is used for the resolved region, where the aim is to
resolve closely separated jets.

- A radius of R=1.0 is used for the boosted region, to capture broader
jets.

The EMTopo jets are built from the energy deposited by charged parti-
cles in the calorimeter. In this analysis a new approach, called particle flow,
combine the topo-clusters of charged particles, in addition to the topo-
clusters of neutral particles, with the momenta of the tracks. These jets are
called PFlow jets and they offers a better resolution for low-pr jet, since for
those jets the momentum resolution of the tracker is better than the energy
resolution, and a better accuracy in jet reconstruction, indeed it allows to
associate the tracks to vertices determing whether particles originate from
pile-up vertices and eventually reject them.

There are some detector effects, such as the calorimeter’s lack of com-
pensation for hadronic energy deposits, dead materials and the escape of
particles beyond the calorimeters, that effects the jet energy measurements.
To consider them a calibration procedure, called Jet Energy Scale (JES)
calibration, is applied and it alignes the energies of reconstructed jets with
the energies of their stable particle constituents. [42]

This procedure is made of the following steps:

e Origin Correction: Each jet’s four-vector is adjusted to point to-
wards the primary vertex of the event rather than the detector’s cen-
ter. This adjustment enhances the angular resolution of the jet without
significantly affecting its pp.
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e Pileup Correction: In densely populated environments, jet recon-
struction may be influenced by pileup interactions, which can alter the
area and energy of the reconstructed jets. To mitigate this effect, the
pr of redundant contributions is subtracted from the reconstructed jet
pr. These corrections depend on the number of reconstructed primary
vertices, the jet’s pseudorapidity and the bunch spacing.

e Absolute Calibration: The absolute JES and 7 calibration is ob-
tained to adjust the discrepancy between the reconstructed jet energy
and the particle-level jet energy. This calibration is derived from MC
simulated samples of di-jet events.

¢ Global Sequential Calibration: The global sequential calibration
(GSC) is applied in addition to the previous calibrations to address
residual dependencies on various other jet characteristics. For in-
stance, a significant dependence on JES is noted based on the jet’s
origin, as quark-initiated and gluon-initiated jets can exhibit varia-
tions in shape and particle composition.

¢ In-Situ Calibration: A final calibration is performed using real data
in-situ to rectify differences between the MC simulated samples and
actual data. Corrections are derived from dijet events, Z + jets, pho-
ton+jets and multijet events.

To differentiate between jets originating from the main primary vertex
and those from pileup interactions, a multivariate analysis (MVA) discrim-
inant known as the Jet Vertex Tagger (JVT) is utilized. The output of
the JVT algorithm indicates the probability that a jet comes from the main
primary vertex and this probability is employed for selection in physics anal-
yses.

The selected jet criteria are pr > 20GeV and |y| < 2.5.

2.3.4 b-Jets

Flavor tagging is a crucial procedure applied after jet reconstruction and
identification to determine the type of parton from which the jet originated.
Based on this identification, jets can be classified as b-jets (originating from
b-quarks), c-jets (from c-quarks), or light jets (from u, d, or s quarks).

To differentiate between these types of jets, specific properties are ana-
lyzed. A key indication of the jet’s origin is the presence of heavy B and D
mesons, which contain b and ¢ quarks, respectively. In contrast, jets from u
and d quarks are generally lighter and have longer lifetimes, leading to their
decay outside the detector. Therefore, secondary vertices are typically not
detected for light quarks.

For b and ¢ quarks, however, the secondary vertices often decay within
the detector’s volume. The distance between the primary and secondary
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vertices is crucial for flavor tagging, as shown in Figure This distance is
measured using the longitudinal and transverse impact parameters, denoted
as zg and dy, respectively.

b-jet
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Figure 2.14: Representation of the longitudinal and transverse impact pa-
rameter (2o and dy) that represent the distances between the primary and
secondary vertices.

These impact parameters, along with the lifetime and other track in-
formation, are used as inputs for low-level algorithms. These algorithms
generate preliminary tagging results. High-level algorithms then use the
outputs from these low-level algorithms to calculate the probability that a
jet is originated from a specific type of quark—whether light, b, or c.[43]

In this analysis the high-level algorithm used is the DL1r algorithm that
uses a recurrent deep neural network approach. It is a more recent version
that, with respect to the previous one, uses a recurrent neural network to
estimate the impact parameter. The output scores from DL1r enable the es-
tablishment of various operational working points by applying different cuts
on the scores. Each cut, and consequently each operational working point,
correlates with a specific b-jet tagging efficiency. In order to determine the
cuts a simulated ¢t sample is used. The defined operational working points
cater to b-jet tagging efficiencies of 60%, 70%, 77%, and 85%, with the 60%
efficiency representing the most stringent criteria and the 85% efficiency be-
ing the most relaxed. These operational working points can serve as bin
edges, allowing the output of the DL1r b-tagging discriminant to be cat-
egorized into four intervals that correspond to defined ranges of b-tagging
efficiencies: 85-77% (bin 1), 77-70% (bin 2), 70-60% (bin 3), and 60% (bin
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4). For this analysis, the operational working point chosen is the one corre-
sponding to a 70% efficiency.
The efficiency for each flavor is defined as

- (2.10)

where f represents the flavour, szass is the number of jets of flavour
f tagged by the b-tagging algorithm and N ({” is the number of all jets of
flavour f.

To account for differences in tagging efficiency between data and simu-
lations, a scale factor (SF) is determined by comparing the efficiencies:

)
SF/ = ~qe (2.11)
€
MC

This scale factor is then applied to the simulation results to bring them
in line with real data, ensuring accurate jet flavor identification across the
analysis.

Appropriate calibrations with their associated uncertainties are also es-
tablished for mistag efficiencies. The calibration for b-jet events is obtained
by comparing real data with ¢t MC samples that necessitate the presence of

two leptons of opposite charge along with b-jets in the final state.

2.4 Missing Transverse Energy

In proton proton collisions the fraction of the proton energy that the partons
possess during the collision is unknown. Because of this, the momentum
conservation cannot be applied.

In the transverse plane the total initial momentum sum is zero, so, using
the concept of missing transverse energy Fiss 1, it is possible in this plane
to apply momentum conservation laws.

The calculation of Eps 7 is given by the formula:

Emiss,T - \/(Emiss,z)2 + (Emiss,y)2
where:

Neen

Emiss,ar: = E E; sin 0; cos (z)z
i=1
Ncell

Emiss,y = — E El sin 01 sin d)l

=1
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In these equations, F; represents the energy in the calorimeter cell, 6;
denotes the polar angle and ¢; refers to the azimuthal angle.

The missing transverse energy is so defined as the negative vector sum
of the transverse momentum contributions from all identified hard physics
objects.
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Chapter 3

Z 4+ b-jets measurements at
detector level

One of the primary objectives of this work is to present detailed measure-
ments of Z+b-jets at the detector level; this is indeed the first mandatory
step for the cross-section measurement. Section 3.1 presents the strategy
of the measurement at detector level. Section 3.2 presents the selected ob-
servables measured in this thesis. Section 3.3 describes the conditions under
which the data were collected and the simulated samples used in this anal-
ysis. The object definitions and the event selection applied to data and the
simulated samples are presented in Section 3.4. Section 3.5 is dedicated to
the estimation of the backgrounds. Section 3.6 presents the estimation of
the uncertainties at detector level. The kinematic distributions of the mea-
sured observables after the event selection at detector level are shown in
Section 3.7, data are compared with simulations that comes from MC and
data-driven techniques.

3.1 Strategy of the measurements

The events that contains an electron or a muon pair with leptons of opposite
charge in association with at least two b-jets are selected at detector level.

After the selection, the events that contain a Z boson in association
with b-jets, c-jets or light-jets are separated with a fit to flavour-sensitive
observables. All other backgrounds are estimated via MC simulations or
data-driven technique.

Once all the backgrounds have been estimated, a comparison between
data and simulations is performed at three stages:

1- before the flavour fit, when both the signal and the background are
taken directly from the simulation;

2- after scaling both signal and background in order to test the quality
of the fit;
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3- after scaling only the background while leaving the signal unscaled,
allowing for a first evaluation of the impact of potential signal mismodelling.

In the second part of the analysis, described in the next Chapter, the
data distributions are background subtracted and corrected for experimental
effects, such as efficiencies and resolution, in order to provide the measured
cross-section that are compared with the predictions of signal MC genera-
tors.

3.2 List of measured observables

A recent paper on the inclusive and differential cross-section measurements
for the production of a Z boson in association with b- and c- jets has been
published by the ATLAS Collaboration [26]. This paper presents results
from the ATLAS experiment, specifically focusing on the Z 4+ > 1 b-jet,
Z 4+ > 2 b-jets, and Z +> 1 c-jet processes. However, the paper omits
certain variables that are crucial for Higgs physics and the main goal of this
thesis work is the measurement of these observables. The Higgs-boson decay
into two b-quarks is the dominant decay for a Higgs boson of 125 GeV of
mass, namely the mass of the Higgs discovered at the LHC. Due to the large
multijet background this decay is predominantly studied in association with
a W or a Z boson. In the case of association with a Z boson, events where a
7 boson is produced is association with b-jets, leading to a signature similar
to the Higgs boson one, represents a key background.

In addition, this thesis includes variables that are essential for improving
the understanding of perturbative QCD and the parton distribution func-
tions (PDFs) of the proton. This thesis focus on the Z + > 2 b-jets final
state and the measured observables are:

e The transverse momentum of the Z boson (pZ), that is reconstructed
from its decay products. It is a fundamental observable for Higgs
boson studies, that is an analysis performed in different pr regions of
the Z boson.

e The rapidity of the Z boson, |Yz|. It is sensitive to the PDFs. Moreover
both the |Y7z| and the ppz are essential for gaining deeper insights into
QCD.

e The transverse momentum of the leading b-jet, the one with higher
b
pr, Pr-

e The rapidity of the lead b-jet, |Yp|. Additionally, rapidity is critical
for better understanding the PDFs of the proton.

e The azimutal angle between the two leading b-jets, A¢.
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e The difference in rapidity between two leading b-jets,AY};,, measured
as

AY = |Y] — Yy (3.1)

where Y] and Y, are the rapidities of the two leading b-jets. AY
is related to the kinematic separation of the jets in the longitudinal
direction and plays a key role in characterizing the event topology.

e The angular distance between two leading b-jets, AR, measured in the
7 X ¢ space as

AR = \/(An)? 1 (Ag)? (3.2)

AR is related to gluon splitting, making it an important tool for study-
ing this process. It is also relevant for Higgs studies, as the composition
of the backgrounds varies with A Rpyp.

e The invariant mass of the system composed of the two jets (Mpy,) and
it is defined as:

My, = \/(E1 + Es)? — [pi + 12 (3.3)

Both A¢ and My, have been previously presented in the ATLAS paper
[26] and will be used in this thesis for cross-checking the analysis.

3.3 Data and simulated event samples

The data analyzed in this study were collected using the ATLAS detector
during the years 2015 to 2018, achieving a total integrated luminosity of 140
b1 with an uncertainty of 0.83 % as detailed in [28].

Candidate events were selected using either a single-electron or single-
muon trigger, which were subject to minimum transverse momentum (pr)
thresholds as well as quality and isolation requirements. Initially, the pp
threshold was set at 24 GeV for electrons and 20 GeV for muons. Due to
the increased instantaneous luminosity over the course of data collection,
these thresholds were subsequently raised to 26 GeV for both electrons and
muons.

As outlined in Section 1.3, MC simulations play a crucial role not only
in comparing experimental data with theoretical models but also in transi-
tioning the data from detector level to particle level through the unfolding
process, as well as in estimating systematic uncertainties.

The specific MC simulations employed for both signal and background
processes in this study are summarized in Table
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For the simulation of the detector response, the GEANT 4 [15] toolkit was
utilized. This ensures a realistic representation of how particles interact with
the various components of the ATLAS detector. The pile-up is simulated
with PYTHIA using A3 tune [45] and the NNPDF 2.3 LO PDF set [46].

Process Generator Order of pQCD in ME (FS)
7 — 00 MGAMC+PY8 FxFx 0-3p NLO (5FS)
SHERPA 2.2.11 0-2p NLO, 3-5p LO (5FS)
tt NNLO+NNLL NLO
PowHEG+PYS NLO
single top (s/t/Wt-channel) NLO
PowHEC+PY8 NLO
q9/qq — VV — U/vv + qq SHERPA 2.2.1 1p NLO, 2-3p LO
qq — ZH — 0l/vv + bb POWHEG+PYS NLO
99 — ZH — 0l/vv + bb POWHEG+PYS NLO

Table 3.1: List of processes, generators, and the corresponding order of
perturbative QCD in matrix element calculations (final state).

To simulate the signal Z — I, event generators such as MadGraph
(MGAMC+PY8 FXFX) combined with Pythia, that is the generator used
for the unfolding, as detailed in chapter 4, and SHERPA 2.2 11 were used
[47].

MADGRAPHS generates matrix elements for up to three partons at next-
to-leading order (NLO) accuracy. The showering and the hadronization has
been performed using Pythia8, using NNPDF 2.3 LO PDF set. The different
jet multiplicities are merged using the FxFx prescription [48]. The PDF set
used for event generation is NNPDF3.1luxQED with «g = 0.018. This
sample is referred to as MGAMC+PY8 FXFX.

SHERPA 2.2.11 generates matrix elements at NLO accuracy for up to two
partons and at leading-order (LO) accuracy for up to five partons. The PDF
sets used are the Hessian NNPDF 3.0 NNLO [49], calculated at next-to-next-
to-leading order in QCD with ag = 0.018. The different jet multiplicities
are merged using MEPS@QNLO prescription [50] [51] [52].

Both generators employ the five-flavor scheme (5FNS), where the b and
¢ quarks are treated as massless and included in the proton’s initial state.

The MGaMC+Py8 FxFx and the Sherpa signal samples as the back-
ground samples described in the next are produced using the full detector
simulation described above. To test the 4FNS predictions, a sample of Z +bb
events generated by MadGraphb,MCQNLO (v3.4.1) is produced using the
4FNS with massive b-quarks at NLO with two partons in the matrix ele-
ment. It uses the 4-flavour NNPDF 3.1 NLO PDF set with s = 0.118 .
MadGraphb5,MCQN LO is combined with Pythia (v8.307) for the parton
shower and hadronization. This sample is referred to as MG+Py8 FxFx
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(4FNS). It isn’t provided with full detector simulation there, for it is used
only in the comparison between the measured unfolded cross-sections and
the predictions in Section 4.3 and 4.4, as shown there, are currently available
only for a subset of the measured observables.

Signal predictions from Sherpa, MG+Py8 FxFx and MG+Py8 FxFx
(4FNS) are affected by theoretical uncertainties. The two main uncertain-
ties affecting the predictions are the QCD scale uncertainties and the PDF
uncertainties. QCD scale uncertainties have been evaluated using 7-point
variations of the renormalization (ug) and factorisation (up) scales coher-
ently in the matrix elements and in the parton shower. The scales are varied
independently by factors of 0.5 and 2 while avoiding cases where the factor-
ization and renormalization scales move in opposite directions (0.5 < % <
2). PDFs uncertainties are evaluated using the Hessian eigenvector set for
each PDFs set adopted in the predictions.

For the simulation of tf processes, POWHEGBOX v2 [54] [55] [56] gen-
erator was employed at NLO accuracy, using the NNPDF3.0 [49] PDF set.
This sample was then interfaced with PyTHIA 8.230 [57], which uses the
NNPDF 2.3 [46] LO PDF set.

For the single top quark production in association with W bosons, as well
as in the s- and t- channels, the event simulation is done using POWHEGBOX
v2 at NLO using the NNPDF3.0 PDF set interfaced with PyTHIA 8.230
using the NNPDF 2.3 LO PDF set.

Semileptonic diboson (VV) final states were simulated using SHERPA
v.2.2.11 which provides NLO matrix elements for up to one parton emission
and LO matrix elements for up to three parton emissions, calculated with
the NNPDF 3.0 NNLO PDF set.

Processes involving the production of a Z boson in association with a
Higgs boson (ZH) were modeled using POWHEG interfaced with PYTHIA
8.230, with simulations carried out at NLO accuracy. NNPDF 3.0 NNLO
PDF set has been used.

3.4 Object definition and Event selection

As described in Section 2.2.6, the Trigger and Data Acquisition system plays
a crucial role in selecting only the datasets suitable for physics analysis. The
list of runs where all parts of the detector functioned properly are included
in the Good Run List (GRL) and only the runs of the GRL are used in the
analysis.

Muon candidates are required to meet the Medium quality selection and
pass the FCTight isolation criteria, as outlined in Section 2.3.2. These re-
quirements help reduce background contamination from muons produced in
hadronic decays. The tracks of selected muons must be associated with the
primary vertex, with specific constraints on both the transverse and longi-
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Object definition | Electron channel Muon channel

Leptons Single electron trigger Single muon trigger
Tight Medium
Isolated Isolated
do/oa, < 5,|z0sin(f)| < 0.5mm | do/og, < 3,|z0sin(d)| < 0.5 mm
pr > 27 GeV pr > 27GeV
In| < 1.37o0r1.52 < |n| < 2.47 In| < 2.5
Jets pr > 20GeVand |y| < 2.5 pr > 20GeVand |y| < 2.5
AR(jet,¢) > 04 AR(jet,¢) > 04
Flavour-tagged jets | pr > 20 GeVand |y| < 2.5 pr > 20GeVand |y| < 2.5
DL1r@85% DL1r@85%

Table 3.2: Object definition for electron and muon channels

tudinal impact parameters. The transverse impact parameter must satisfy
cr‘Ei;o‘) < 3.0, and the longitudinal impact parameter must meet |zgsin| <
0.5 mm, where 0 is the polar angle. Additionally, muons must have a trans-
verse momentum (pr) of at least 27 GeV and lie within the pseudorapidity
range |n| < 2.5.

Electron candidates must meet the Tight quality standards and satisfy
the Tight VarRad isolation criteria, as outlined in Section 2.3.1. This is im-
plemented to minimize background electron contamination from hadronic
decays. Electron tracks must be linked to the primary vertex, with con-
straints on both the transverse and longitudinal impact parameters. The

transverse impact parameter must satisfy C)Ejsol) < 5.0, while the longitudi-

nal impact parameter is constrained by |zpsind| < 0.5 mm, where € is the
polar angle. Additionally, electrons must have a minimum transverse mo-
mentum (pr) of 27 GeV and be located within the ranges 1.52 < |n| < 2.47
or |n| < 1.37.

Jets are reconstructed using the anti-k7 algorithm with a radius param-
eter R = 0.4, as implemented in the FastJet package [53]. The pp of the
jet must exceed 20 GeV and fall within |y| < 2.5. To reduce pile-up, it is
essential to apply the Jet Vertex Tagger algorithm with the Tight working
point.

For b-tagging, the jet must satisfy the 85% efficiency working point,
meaning the algorithm selects b-jets with 85% efficiency. In this case as
well, the jet is required to have pp > 20 GeV and |y| < 2.5.

Table summarizes the selection criteria for leptons and jets.

Events containing exactly one Z boson candidate are required to have
precisely two leptons of the same flavor (i.e., ee or puu) and opposite charge,
with an invariant mass in the range 76 GeV < myp, < 106 GeV, centered
around the mass of the Z boson (myz). Additionally, one of the two leptons
must match the lepton that triggered the event.
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To distinguish these events from the significant t¢ background, events
with the transverse momentum of the two leptons smaller than 150 GeV
(pfi,g < 150 GeV) are required to have the missing transverse energy smaller
than 60 GeV (EXss < 60 GeV).

For the MC samples, the flavour of the hadron that produced the jet is
categorized as either a b-, ¢-, or light jet using cone-based criteria. Specif-
ically, a jet is labeled as a b-jet if it lies within AR = 0.3 of at least one
b-hadron with pr > 5 GeV. In cases where a b-hadron matches two jets,
only the jet closest in AR is tagged as a b-jet. If no b-jets are identified, a
jet is classified as a c-jet if it is within AR = 0.3 of a c-hadron with pp > 5
GeV. Jets that do not satisfy either of these conditions are classified as light
jets.

After events pass the selection criteria, they are categorized into two
distinct regions: the I-tag region, where at least one jet has been flavor-
tagged, and the 2-tag region, where at least two jets have been flavor-tagged.
In this analysis only the 2-tag region, centered on Z+4 > 2b-jets events, is
taken into account.

The event selection and signal region requirements are summed in Table

3.3

Event selection

Leptons Exactly 2, same-flavour, opposite-charge
mMyy 76 GeV < myp < 106 GeV
Episs Emiss < 60 GeV if pt < 150 GeV

Flavour-tagged jets | > lor > 2jets, DL1r@Q85%
Signal regions
1-tag > 1flavour-tagged jets
2-tag > 2 flavour-tagged jets

Table 3.3: Event selection and signal regions

3.5 Background estimation

The backgrounds in the production of a Z boson in association with b-jets
are processes where the Z boson is produced in association with jets but the
jet flavour is different from the one targeted in the measurement, dileptonic
tt events, dibosons, Z H, single top quark production, Z — 77 and multi-jet
events and in the case of the final state in association with at least 2 b-jets,
also the Z+1 b-jet process is considered as background.

Minor backgrounds, namely single top-quark, diboson, ZH and Z — 77
are estimated using the MC samples detailed in Section 3.3, while major
backgrounds such as the ttbar and the Z+jets process with jets originated
by light or c-jets or Z + 1 b-jet are estimated via data-driven technique,
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as well as the multijet background that cannot be estimated with MC with
high precision.

In this analysis, a significant amount of missing transverse energy is ob-
served, which is typically attributed to the presence of neutrinos. However,
in the case of Z boson production with b-jets, neutrinos are not expected in
the final state, suggesting that the observed E}niss primarily arises from the
tt background. The cut presented in Table is done in order to reduce
the tt contribution.

The contribution of ¢ events is estimated using data-driven technique.
This involves applying the same selection as those in the signal region, but
selecting events with opposite-flavor leptons (e™p~ or e~ ut) and requiring
a larger invariant mass range of 71 GeV < my < 111GeV. This control
region (CR) is dominated by tt events with a small contribution from other
processes (i.e. diboson, Z+jets and single top) . The contribution of non-t¢
processes in the CR is subtracted from the data using MC predictions. Fi-
nally for each measured observable the ¢t contribution in the signal region is
estimated as the distribution of the data in CR after the non-ttbar processes
subtraction scaled by a Transfer Factors (TFs). The TF is derived using a
tt MC simulated sample and it is obtained as the ratio of the distribution
of the given observable in the signal region(ee or pu) to the distribution of
the same observable in the CR (eu).

Also multi-jet events constitute a background in the analysis of Z bo-
son production in association with b-jets and their contribution is evaluated
using data-driven method. Detailed studies have been done in the recent
ATLAS publication with the same dataset and it has been concluded that
in the phase space of the measurement this background is negligible and
therefore it has been neglected in the publication and in the current thesis
work . For completeness the method adopted is reported here. In this case,
the control region definitions are similar to those of the signal regions, but
with some modifications. In the muon channel, the isolation requirement
for muons is removed and both muon candidates are required to have the
same charge. In the electron channel, the identification, impact parame-
ter cuts and isolation criteria are removed and the electrons must have the
same charge. Contributions from non-multi-jet sources are estimated using
simulations and subtracted from the observed data. The contribution to
the background from the production of Z bosons in association with jets of
flavors other than b is estimated using a technique known as flavor fit. This
method involves a maximum-likelihood fit based on flavor-sensitive distribu-
tions. A fit of the my, distribution to data in the signal and multijet control
region is performed in the 40 GeV < myy < 160 GeV window. The normal-
isations of the Z+jets processes and of the multijet background templates
are free to float in the fit, while the normalisation of the other processes is
fixed. Various alternative approaches are tested by varying the fit strategy
(i.e. mass range) and the control region definitions.
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The DL1r b-tagging discriminant output of the leading flavor-tagged jet
and the ones of the sub-leading flavor-tagged jet are used. This output
is divided into four distinct bins, each corresponding to specific b-tagging
efficiency ranges: 85-77% (bin 1), 77-70% (bin 2), 70-60% (bin 3), and
below 60% (bin 4). The joint distribution of the DL1r discriminant outputs
for both the leading and sub-leading flavor-tagged jets results in a ten-bin
distribution. Separate templates are generated using MC simulation for
events containing Z+ > 2 b-jets, Z+ > 1 b-jet, Z+ > 1 c-jet, and Z+ light
jets and a single combined template is constructed for all other non-Z+
jets backgrounds. In the fit the normalization of each Z+jets component is
free to float, while normalization of the non-Z+jets backgrounds is fixed to
their MC estimate. The fit is done simultaneously in the electron and muon
channels. The scale factors extracted by the fit for MG FxFx and Sherpa
are reported in Table

The results on the flavour fit in this thesis have been taken from the
ATLAS publication performed with the same dataset. In particular these
are the values obtained for the measurement of the inclusive cross-section.
In the ATLAS publication for the background estimation in the differential
cross-sections, the flavour fit has been performed in different bins of the
measured observables, but this goes beyond the scopes of this thesis.

Process (Sherpa) electron muon
Z+ 2> 2b 1.10£0.00 1.16 £ 0.00
Z +1b 0.87£0.02 0.81 £0.02
Z + ¢(l) 1.06+£0.01 1.1+ 0.01
Process (MadGraph) | electron muon
Z+>2b 0.93+£0.00 0.89=£0.00
Z +1b 1.06 £0.00 1.19+0.02
Z+c(l) 1.12+£0.01 1.12+0.00

Table 3.4: Sherpa and MadGraph scale factors for the Z + 2 b-jets measure-
ment for the electron channel, the muon channel and their combination.

3.6 Uncertainties in the detector-level measure-
ments

Uncertainties in detector-level measurements arise from systematic effects
associated with the objects definition and the detector-level selection pro-
cess and from the determination of backgrounds. These corrections are
inherently linked to the imperfect understanding of the detector. All sys-
tematic shifts are also applied to the MC predictions of both signal samples
and backgrounds.

99



The uncertainties related to the detector-level selection of physics objects
originate from systematic sources that propagate throughout the analysis.

The contribution of lepton-related uncertainties arises from factors such
as the trigger, reconstruction, identification and isolation processes. To
match the MC simulations with the data, Scale Factors are applied to ac-
count for these uncertainties. Additionally, corrections for the electron en-
ergy scale and resolution as those related to the muon momentum scale, the
inner-detector and the muon spectrometer resolution are considered. These
uncertainties are treated as uncorrelated between the two lepton channels.

Uncertainties in the reconstruction of jets are addressed through adjust-
ments in the Jet Energy Scale (JES) and Jet Energy Resolution (JER).
These are estimated by scaling and smearing the jet four-momentum in the
simulation based on the calibration procedure.

The largest source of uncertainty arises from flavour tagging. The un-
certainties for Z+ > 2b-jets stem from the calibration of the DL1r tagger.
As previously discussed in Section 2.3.4, the discrepancies in flavour tagging
between data and MC simulations are used to correct the flavour tagging
efficiency in the MC. For b-jets, the correction factors are close to unity and
the associated uncertainties are described by 45 independent parameters. In
the case of c-jets and light jets, the correction factors range between 1 and
1.3, with uncertainties characterized by 20 independent parameters.

Another minor source of uncertainty is the imperfect modeling of pile-up
effect. Instead, the uncertainty in the integrated luminosity for the Run 2
data is 0.83%.

An additional systematic uncertainty is derived by taking the difference
between the post-fit Z+jets background evaluated using MG FXFX and
SHERPA simulated samples.

Another uncertainty is introduced to evaluate possible bias from the
extrapolation of ¢t contribution to the signal region using an alternative
validation region.

The uncertainty for the diboson background is determined by varying
ur and pr and taking the envelope of the predicted variations as the error
estimate. Other uncertainties, such as those from single-top, ZH and Z — 77
processes, are due to normalization of QCD scale, PDF and «; variations.

3.7 Data and Monte Carlo comparison

In this section, comparisons between the predictions and the data are pre-
sented to ensure there are no significant discrepancies between them. Signal
events are simulated using MC samples, while background processes are
modeled either with MC simulations or data-driven technique, as detailed
in the previous sections. The comparison is evaluated in three scenarios:
before the flavour fit, after the flavour fit with both signal and background
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scaled to assess the goodness of the fit, after the flavour fit but with only
the backgrounds scaled to evaluate the impact of the signal mismodeling.

In the following figures, the comparison between the data and the predic-
tions is performed using for the signal MC simulation alternatively Sherpa
and MG FxFx. Each plot presents on the top the event distributions as a
function of a given observable (the complete list of the observables is re-
ported in Sect. 3.2), while the lower section of each plot shows the ratio
between the predictions and the data. This ratio allows for a clearer assess-
ment of whether the predictions are compatible with the data within the
range of uncertainties. The uncertainty bands include the uncertainties on
the statistics of the simulated sample, on the event-selection (namely the
uncertainties of physics objets) and on the background. The comparison is
shown for the muon channel, the electron channel and their combination.
The combination is meant the sum of electron and muon channel results.

In Fig. and the distribution of the events in function of the
transverse momentum pp and the rapidity |Y| of the Z boson are shown. In
Fig. and [3.3| the distributions in function of the pr and of the |Y| of the
lead b-jet are shown. In Fig. [3:4] [3.5] [3.6] the distribution of the events as a
function of A®, AY, AR and in Fig. as a function of the invariant mass
of the system of the two b-jets are presented. A® and My, have already
been published in the paper [26].

The event yields in both data and predictions are summarized for all
three scenarios, across the muon, electron and combined electron+muon
channels respectively on Table[3.5] [3.6]and [3.7] before and after the flavour fit.
In particular, it is reported the total number of predicted events and events
observed in data. The expected amount of signal and various background is
expressed as a fraction of the total number of predicted events. In the table,
the signal and Z-+jets background predictions are from the MG + FaxFx.
The uncertainty in the total predicted number of events is statistical only.

For each of the shown distributions, it is observed, as expected, an im-
proved data-to-MC agreement when signal and Z+jets background are scaled
using the results of the flavour fit, with respect to the pre-fit results. Also,
as expected, a quite large reduction of the uncertainties is observed after
applying the flavour-fit procedure, this is due to the fact that the flavour
fit is applied to each of the shifted distributions obtained applying each
systematic, the effect of the fit is a constraint the predictions to the data
and this results in a reduction of the systematics. When only the Z+jets
backgrounds are scaled, first comments on the agreement between the signal
expectation and the data can be done. In the following part of the section
I am commenting mostly this last set of results focusing on the combined
final state (Z—11) being the ones less affected by statistical fluctuation (plot
of each figure).

Fig showing the distribution of the Z,,, demonstrates good agree-
ment between predictions and data at low pr, while the discrepancies be-
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Process Not Scaled All Scaled Background Scaled

Total predicted 194000 + 600 192000 + 600 204000 £ 600

7+ > 2 b-jets 48% 43% 46%
7+ > 1 bojets 10% 11% 11%
Z+-c-jets 19% 24% 23%
Z+light-jets 8% 8% 7%
Z—TT <1% <1% <1%
ZW, 77, ZH (ZX) 2% 2% 2%
tt (MC) 12% 12% 11%
Single-top <1% <1% <1%
Data 192531

Table 3.5: Number of events for the muon channel in the three scenarios:
before flavour fit, after flavour fit with signal and Z+jets background scaled,
after flavour fit scaling only the Z+jets background. The expected amount
of signal and various background is expressed as a fration of te total number
of predicted events. The signal predictions are from MG+FxFx.

Process Not Scaled All Scaled Background Scaled
Total predicted 116000 + 400 116000 + 400 121000 + 500
Z+ > 2 b-jets 48% 44% 46%

Z+ > 1 b-jets 10% 11% 11%
Z+c-jets 20% 23% 23%
Z+light-jets ™% ™% ™%
Z—rTT <1% <1% <1%

ZW, 77, ZH (ZX) 2% 2% 2%

tt (MC) 13% 13% 12%
Single-top <1% <1% <1%
Data 116668

Table 3.6: Number of events for the electron channel in the three scenarios:
before flavour fit, after flavour fit with signal and Z+jets background scaled,
after flavour fit scaling only the Z+jets background. The expected amount
of signal and various background is expressed as a fration of te total number
of predicted events. The signal predictions are from MG+FxFx.
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Process Not Scaled All Scaled Background Scaled

Total predicted 310000 + 700 309000 £ 700 325000 =+ 800

Z+ > 2 b-jets 48% 43% 16%
Z+ > 1 b-jets 10% 11% 11%
Z+-c-jets 20% 24% 23%
Z-+light-jets 8% ™% ™%
7 — 1T <1% <1% <1%
ZW, 77, ZH (ZX) 2% 2% 2%
tt (MC) 12% 12% 12%
Single-top <1% <1% <1%
Data 309199

Table 3.7: Number of events for the lepton channel in the three scenarios:
before flavour fit, after flavour fit with signal and Z+jets background scaled,
after flavour fit scaling only the Z+jets background. The expected amount
of signal and various background is expressed as a fration of te total number
of predicted events. The signal predictions are from MG+FxFx.

come more pronounced at high pr. It is evident that the best prediction is
provided by the MG FxFx simulation. A similar trend is observed looking
at the py of the leading b-jet (Figl3.7), in this last case MG FxFx is still
compatible within the uncertainties with the data, while Sherpa largely un-
derestimates the data in the high pr region. These observation triggered
the decision of using MG FxFx for the unfolding procedure discussed in the
following Chapter.

Fig. and show the distribution of the |Y|(Z) and the leading
b-jet|Y'|, a very good agreement between predictions and data is observed.

For what concerns the di-bjets angular distributions, shown in Figl3.4]
Fig[3.5] Fig. and Fig. a good agreement between predictions and
data is observed for A®y,, AYy, and ARy,. While for My, (Fig. B.7)), crucial
for Higgs-boson studies and searches of new physics, a large mismodeling is
observed in the high mass range, mainly for Sherpa.

Distribution of events passing event selection as a function of pp of the
leading b-jet between the before flavour fit (left), after flavour fit scaling
signal (Z+ b-jets) and Z backgrounds (center) and after flavour fit scaling
only Z backgrounds (right).In the first line is shown the muon channel, in
the second the electron channel, in the third their combination.
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Figure 3.1: Distribution of events passing event selection as a function of the
transverse momentum of the Z boson before flavour fit (left), after flavour
fit scaling signal (Z+ b-jets) and Z backgrounds (center) and after flavour
fit scaling only Z backgrounds (right).In the first line is shown the muon
channel, in the second the electron channel, in the third their combination.
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Figure 3.2: Distribution of events passing event selection as a function of
|Y| of the Z boson before flavour fit (left), after flavour fit scaling signal
(Z+ b-jets) and Z backgrounds (center) and after flavour fit scaling only
Z backgrounds (right).In the first line is shown the muon channel, in the
second the electron channel, in the third their combination.

65



2
o o
2 &

Entries / 0.25
I
0

o

Pred. / Data
R V)

o
o

Entries / 0.25

40

20

o

Pred. / Data
o
[ -

o

o

5
T

Entries / 0.25
o
N

e
o

Pred. / Data
I VY

o
@

x10°

E-ATLAS Work in Progress ,\'j,f*c'“
13 TeV, 140 b Z

F Z(—>pn)+22 b-jet

J

]
05 1 15 2 25
Y

lead b-jet ‘

x10° :

[ ATLAS Work i in Progress
[ 13Tev, 140 fb"

I Z(—ee)+>2 bjet = Zeciete
- 3 Z+light-jets.
. M Zot

o ZW, 22, ZH.

ttbar

=
== single-top.

—— Data
MG Stat.  Syst. Unc.
1 Z+2 brjets (FxFx).
= Z+1 bjet.

72N ANENT VRN AR

05 1 15 2 25
IY \

lead brjet

xm“

r ATLAS Work i in Progress
13 TeV, 140 fb”

Z(—ll)+>2 b-jet

T T T

—— Data

MC Stat. © Syst. Unc.
1 Z+2 bjets (FxFx).
=1 Z+1 brjet.

jels.
= Z+lightiets.

7N R NN N

¥ Sherpa

05 1 15 2 25
Y I

lead b-jet

2
°
>

Entries / 0.25

Pred. / Data

Entries / 0.25

Pred. / Data

Entries / 0.25

Pred. / Data

o
o

e
a

e

o
o

1

o

o
o

o
o
m

N

00

80—

60

40

20

o
[

e
@

J

x10° : :
F-ATLAS Work i in Progress {f“a e,
13 TeV, 140 ! Z

Z(—pp)+22 b-jet

¥ Shrpa
¥ MG FxFx
y 4 I & X R + + e
* T T
0.5 1 15 2 25
‘Y\ead bejet ‘
jo
x10° . : :
[~ ATLAS Work in Progress = D%"“sm © syst Une.
[ 13TeV, 140 " E 2h jEfS (FxFx).
F Z(—ee)+>2 b-jet =z
= e,
. W 2ot
[ =1 2W, 22, 2H,
= ttbar
== Single-top.

/

¥ Shisrpa
MG FxFx
h § X I *
P PSS
0.5 1 1.5 2 25
‘Y\ead b ‘
jet
><105

T T T |
- ATLAS Work in Progress Nebtat @ syst, ne. 7
13 TEV 140 fb Z+2 b-jets (FxFx).
=3 Z+1 !1—1&[.

jols.
= Z+light-jets.

Z(—ll)+>2 b-jet

=3 Single-top.

¥ Shierpa
¥ MG FxFx

R A

0.5 1 15 2 25

Y I

lead bijet

x10°

0.181 T T T
Yol ]
N £ ATLAS Work i in Progress s, @ Syst, Une.
S 016 13 TeV, 140 fb =H fr e
= =7 |
4 FZ >2 B
Bo.1a-Zom)22 bt = u“r;ﬁf.ers. -
€ F |
wo.12— —
0.1 -
0.08— -
0.06 = -
004 H
e =
;=t‘=|=‘==‘_‘_’_ﬁ
81.2 ¥ Shisrpa
3 M M A v v Bl (I@ FxFx
~ 1 S SAAE A RIS N ¥ NN
®
x 0.8
a
0 0.5 156 2 25
‘Y\ead b-jet ‘
jet
x10°
o ! " oam | ]
N ool ATLAS Work i in Progress MG Stat. © Syst, Unc. _|
E [ 13TeV, 140 b 1 Z+2 bjets (FxFx). 4
== 2+1 bjet.
Q£ [ Z(—ee)+>2 bjet = Zecets ]
2 = £ Z+light-jets. q
€ 80— = 2ot —
fin] C 3 2W, 22, ZH. ]
itoar ]
N (=3 Single-top. 4
so—" —
40 -
20— =
L p— L
% 12 ¥ Sherpa
a i M v \ v ke & (MQFXFX
%; = t MR
£o08
0 0.5 156 2 25
1Y g
-jet
x10°
@ . " oaw | q
«q F ATLAS Work i in Progress MG Stat. @ Syst. Une. |
2o 25[ 13TeV, 140 o 1242 biets (FxF). ]
- =3 Z+1 brjet. -
8 E Z(—l)+>2 b-jet =1 Z+cjels. J
2 C £ Z+lightjets. 4
£ € 2 ]
5 02— E w7z, 7m —
I = ttbar |
B = Single-top. ]
LRE| S E
01 s 3
E ) ; =
g2 ¥ Shisrpa
8 M SRR AT . MG FxFx
~ 1 T 3 x e N ¥
B
s08
0 0.5 156 2 25
‘Y\ead b: ‘
-jet
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Figure 3.4: Distribution of events passing event selection as a function of
A® before flavour fit (left), after flavour fit scaling signal (Z+ b-jets) and
Z backgrounds (center) and after flavour fit scaling only Z backgrounds
(right). In the first line is shown the muon channel, in the second the
electron channel, in the third their combination.
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Figure 3.5: Distribution of events passing event selection as a function of
AY before flavour fit (left), after flavour fit scaling signal (Z+ b-jets) and
Z backgrounds (center) and after flavour fit scaling only Z backgrounds
(right).In the first line is shown the muon channel, in the second the electron
channel, in the third their combination.
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Figure 3.6: Distribution of events passing event selection as a function of
AR before flavour fit (left), after flavour fit scaling signal (Z+ b-jets) and
Z backgrounds (center) and after flavour fit scaling only Z backgrounds
(right).In the first line is shown the muon channel, in the second the electron
channel, in the third their combination.
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Chapter 4

Z. + b-jets cross-section
measurements

In experimental physics, the measured observables often differ from the true
ones due to detector effects. To enable meaningful comparisons between ex-
perimental data and simulations, it is crucial to correct for these distortions.
This correction process is known as Unfolding procedure.

This chapter presents the unfolding technique used in this thesis and
the final cross-section results after applying the procedure, often referred
to as unfolded results. In particular, Section 4.1 delves into the unfolding
technique that has been employed in the analysis. Section 4.2 presents the
systematic uncertainties associated with the unfolded results. Finally, in
Section 4.3 and in Section 4.4, the inclusive differential cross sections and
the differential ones of the Z boson production in association with at least
2 b-jets (Z + > 2 b-jets) are presented.

4.1 Unfolding in Z+ > 2 b-jets measurements

The measured distributions are affected by detector effects, such as resolu-
tion, non-linearities, efficiencies and acceptance. The role of the unfolding
technique is to transform the measured distribution at the detector level into
the particle-level distribution, also referred to as the truth distribution. Sev-
eral techniques are commonly used for unfolding, including the bin-by-bin
method and the Bayesian unfolding, detailed in Appendix A. Each method
has its advantages and is chosen based on the complexity of the measurement
and the level of regularization required to mitigate statistical fluctuations
and detector smearing. Unfolding ensures that the reconstructed data can
be compared directly with theoretical predictions, either fixed-order pQCD
calculations or MC simulations at the truth level.

The distributions derived from the signal event yields — after subtracting
the estimated background contributions from the data — are then corrected
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for detector-level effects. The unfolded data are detector-independent and
can finally be compared with theoretical predictions.

The phase-space at particle level corresponds to the fiducial phase-space
of the measurement. In this analysis the fiducial phase-space is very close
to the detector-level one; this implies that the unfolding procedure relies at
minimum on MC-based acceptance corrections and therefore the modeling
uncertainties related to this corrections are small.

In Tab. the acceptance cuts that identify the fiducial phase space of
the cross-section measurements are specified.

Object Selection Acceptance cuts
Z = 2 OS p with pp > 27GeV, |n| < 2.5, my, = 91 GeV + 15 GeV
Z — ee 2 OS e with pr > 27GeV, |n]| < 2.5, mee = 91 GeV + 15 GeV
bjet pr > 20GeV and |y| < 2.5, AR(bjet, ) > 0.4

Table 4.1: Acceptance cuts of the fiducial phase space.

The leptons at the particle level are dressed leptons and they’re con-
structed by taking the final-state leptons originating from the decay of the
Z boson and by adding any photons radiated within a cone of AR = 0.1
around their direction. Particle-level jets are identified using the anti-k; al-
gorithm with a radius parameter R = 0.4, applied to all final-state particles
that have a lifetime longer than 30 ps, excluding the decay products of the
dressed Z boson. The particles are classified as b-jets, c-jets or light jets
following the same procedure as in Chapter 2.

The measured integrated cross section of the Z-boson production in as-
sociation with b-jets, more precisely with at least 2 b-jets (Z + > 2 b-jets),
in a fiducial phase space is given by:

Nobs - B
0pd(Z — 007 4+ > 2b-jets) = —data_—

CzL
where N ggtsa is the number of observed data events passing the detector-
level selection, B is the number of background events passing the same event
selection (namely the sum of background predictions of Table 3.6), L is the

integrated luminosity (140 fb=1), and C is defined as

(4.1)

MC pass all cuts

C, = Nselected (4 2)
Z = NMChﬁducial volume :

trut

MC 1l cuts . .
where N Select’;zss #4145 the number of reconstructed signal events pass-

ing the detector-level selection, and Ntl\r/[ucghﬁdudal volume jg the number of truth-
level events in the fiducial volume. This term acts as a correction factor.
The method applied for the measurement of the inclusive cross-section

does not account for migrations between bins (i.e. an observable with a
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given value at particle level, falling in a given bin, that is reconstructed with
a different value at reconstruction level and falls in another bin). Therefore
this method can be used to perform differential cross section measurements
only if the bin-to-bin migrations are small compared to the bin width of the
distribution. If this condition is not valid more complex methods has to be
used.

In this thesis the differential distributions are corrected to the particle
level using an iterative Bayesian unfolding method implemented via the
RooUnfold package [58].

The differential cross section can be measured as:

do; Mg '(N3™ = B))f 13

where N j‘?bs is the number of events in bin j at the reconstruction level, B;
is the number of background events estimated in bin j at the reconstruction
level and M;; is the response matrix (or migration matrix) that describes
the migration effects from bin ¢ at the particle level to bin j at the detector
level for events passing both the detector-level and particle-level selections.
M&l is often called unfolding matrix. In this equation, AX; represents the
width of bin 4, while f; is a factor that corrects for unmatched events in bin
7, i.e., events passing the detector-level selection but not the particle-level
selection, L is the integrated luminosity, €; is the reconstruction efficiency
in the i-th bin.

In the Bayesian unfolding method one treats the response matrix as a
description of the probability of observing a reconstructed distribution in
data given the true distribution at particle level. In general the relation
between the distribution of an observable « at particle level (T'(«)) and the
detector level distribution of this observable (R(«)) is the following:

Nt Nt
R(ei) = > MiT(ay) = Y M(R(ew)|T(0))T (ex;) (4.4)
J=1 Jj=1

where T'(a;) represents the number of events at the particle level in bin
J, R(«;) represents the number of events in detector bin ¢ for the observable
a and M;; = M(R(oy;)|T (o)) is the response matrix. This matrix gives
the conditional probability that the detector-level outcome R(«;) results
from the particle-level input T'(e;). N7 is the total number of bins in the
particle-level distribution. The aim of the unfolding procedure is to compute
the probability M (T(a;)|R(c;)), which is the unfolding matrix. This can
be obtained via Bayes’ theorem:

M(R(a)|T(a))) - Po(T(c;))
SOV M (R(aq)|T(exj)) - Po(T(en))

M (T (aj)| B(ei)) = (4.5)
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where Py(7T'(cj)) denotes the prior probability set of the hypothesis
T'(aj). The prior is provided by the signal MC simulation. An estimator for
the unfolded distribution is then computed as:

Ng
O(ay) = ;ZMmajnR(am D(ay) (4.6)
=1

where D(«;) is the number of measured background-subtracted data in
detector bin 7 and ¢; is the reconstruction efficiency namely the probability
that the cause j produces an effect. The efficiency is defined as:

k=Ng
6= 3 P(R(a)|T(ay) (4.8)
k=1

In the iterative Bayesian unfolding adopted in this thesis, the procedure
is applied iteratively. For the first iteration, the prior is taken from the
particle-level prediction, while for the second iteration, the prior is based
on the unfolded distribution from the previous iteration and the unfolding
matrix. The greater the number of iterations, the lower the dependence on
the MC truth distribution. However, while this dependence decreases, the
statistical uncertainty increases.

Thus, the number of iterations must be chosen in order to balance the
two effects. In this thesis two iterations are found to be a good compromise
between modeling and statistical uncertainty and therefore are used for all
the measured observables. The nominal MC used to obtain the migration
matrices, efficiencies and correction factors is MG+FxFx.

74



T

Detector level Z p_[GeV]

4.1.1 Migration Matrix

The migration matrix expresses the conditional probability that a given
effect is produced by a given cause (i.e. the probabitily that an observable
with a value at reconstructed level falling in a given bin has been generated
at particle level with a value that falls in a bin that might be different).

The MC used to obtain response matrices, efficiencies and correction
factors is MG FxFX.

In Fig.s the migration matrices for the
observables measured in this thesis are shown in muon channel, electron
channel and in their combination (electron+muon channel). Namely the
figures show the migration matrix of: the py of the Z boson, the |Y| of the
Z boson, the pr of the leading b-jet, the |Y| of the leading b-jet, A®, AY,
AR and Mp,. In order to fill these matrices the MC signal events that pass
truth-level and reconstruction-level selections are used.

In this representation, the truth values are on the horizontal axis, while
the reconstructed ones are on the vertical axis. The entries in each column
are normalized to the total number of truth events that fulfill the event
selection in that bin, so that the sum of all the entries in a given column
represents the reconstruction efficiency to the corresponding truth bin.

The distribution of values in the migration matrix is similar across the
different channels, indicating that the reconstruction and identification effi-
ciencies do not vary significantly between them.

In the case of the Z boson’s pr and rapidity Y, the concentration is well-
localized along the diagonal of the migration matrix, whereas in other cases,
it is spread across the entire matrix, though the largest concentration still
remains on the diagonal. This indicates that, for pr and Y of the Z boson,
migration effects are nearly zero. For the other variables, these effects are
still very small.
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Figure 4.1: Migration Matrices for the pr of the Z boson in electron channel,
muon channel and in their combination (electron+muon channel).
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4.1.2 Reconstruction Efficiencies

The reconstruction efficiencies are shown in Fig.s for the pr and |Y|
of the Z boson, Fig.s and for the pr and |Y'| of the lead b-jet, Fig.
413 for A®, Fig. [£.14] for AYy, Figll 15| for ARy, and Fig. [£.16] for My,

The reconstruction efficiency is defined as the ratio of the number of
reconstructed events that are matched to a truth event (i.e. events that
pass both the reconstruction and truth-level selections) to the total number
of truth events. It is derived from the projection of the migration matri-
ces along the axis representing the truth variables (reconstructed matched
events) and then divided by the truth distribution. The reconstruction effi-
ciencies are obtained using MG5+Py8 FxFx, which is the MC employed in
the unfolding process, compared with Sherpa 2.2.11.

The figures show an excellent comparison between the two MC simu-
lations used, with differences remaining well below 10%. AR is the only
variable that, at a few points, exhibits a difference between the MC simula-
tions exceeding 10%. Thus, the overall behavior demonstrates an excellent
agreement.
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Figure 4.9: Reconstruction efficiency as a function of the p; of the Z boson
in muon channel (left), electron channel (center) and in their combination
(electron+muon channel) (right).
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channel) (right).
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Fake correction

Ratio

4.1.3 Fake corrections

Corrections are also applied for ”fake” events, i.e., events that fall outside
the considered phase space at the particle level but migrate into the studied
region at the detector level. These corrections account for migrations across
the boundaries of the fiducial volume.

The fake correction factor is defined as the ratio of the number of re-
constructed events that are matched to a truth event (i.e., events that pass
both the reconstruction and truth-level selections) to the total number of
reconstructed events (i.e. events that pass the reconstruction regardless the
truth-level selection). It is applied, before the unfolding procedure, as a
multiplicative factor both to the background-subtracted data and to the
reconstructed MC events.

The fake factors, obtained using MGAMC+PyY8 FxFX and SHERPA
2.2.11, are shown in Figs. and as a function of the pr and |Y| of
the Z boson, Fig.s as a function of the pr and |Y| of the leading

b-jet, Fig. as a function of A®, as a function of AYjy, as a
function of AR and Fig. for the invariant mass of the two b-jets.
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Figure 4.17: Fake corrections as a function of the pr of the Z boson. The
fake corrections are shown in the muon channel (on the left), in the electron
channel (in the center) and in their combination (muon+-electron channel)
(on the right).

In general, a good agreement can be observed between the two MC
simulations, with difference within 10% for A¢, My, and |Y| of the leading
b-jets. However, the difference increase to 15% for AR, the rapidity Y of
the Z boson and the transverse momentum pp of the Z boson.
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Figure 4.18: Fake corrections as a function of the |Y'| of the Z boson. The
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Figure 4.19: Fake corrections as a function of the pr of the lead b-jet. The
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Figure 4.21: Fake corrections as a function the A®. The fake corrections
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Figure 4.24: Fake corrections as a function of the My,
are shown in the muon channel (on the left), in the electron channel (in the
center) and in their combination (muon+-electron channel) (on the right).
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4.1.4 Systematic uncertainties of the unfolded procedure

Uncertainties in the unfolding procedure arise from both the modeling of the
observables in the MC simulation used for the unfolding and the statistical
fluctuations within the MC samples:

e MC Statistics: The uncertainty from the limited statistics of the MG
FxFx MC samples used for the unfolding is propagated into the sys-
tematic uncertainties using toy MC samples. The unfolding inputs are
fluctuated independently according to Gaussian distributions. The
procedure is performed 100 times and the RMS of the results is taken
as systematic uncertainty.

e MC Modeling: the prior, the migration matrix, the efficiencies and
the fake corrections used in the unfolding procedure of each observable
are taken by the MG FxFx MC generator, these inputs may have an
impact on the unfolded results. Sherpa generator is used to evaluate
this uncertainty. In Sherpa indeed different hadronisation and parton-
shower models are used for the signal simulation. For the estimation
of this systematics, data are unfolded with Sherpa signal samples (i.e.
using the prior, the migration matrix, the efficiencies and the fake
corrections of Sherpa) and the difference between the unfolded data
obtained with Sherpa and the nominal ones, obtained with MG FxFx,
is taken as uncertainty.
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4.2 Systematic Uncertainties of the Unfolded
Results

Systematic uncertainties in the cross-section measurements stem from
effects related to detector-level selection, background estimation, the
unfolding method and the statistical uncertainty.

Uncertainties related to detector-level selection and background esti-
mation are discussed in Section 3.6. These uncertainties are evaluated
for each observable by propagating systematic variations from their
respective sources to both the unfolding inputs derived from the sig-
nal MC samples and the subtracted background contributions. The
dominant source of uncertainty is the b-tagging. The uncertainty for
each background component is estimated by applying shifts to the sub-
tracted background contributions. Uncertainties for Z+1 b-jet, Z+c-
jets and Z+light-jets are determined through the flavor fit. Uncer-
tainties related to the ¢t background are evaluated using the dedicated
data-driven method.

The uncertainties associated with the unfolding procedure are de-
tailead in Section 4.1.4.

In Figs. the relative contribution of each systematic source
as a function of the pr and the |Y| of the Z boson is illustrated. In
Figs. and the relative contribution of each systematic source
as a function of the pr and the |Y| of the lead b-jet is shown. In Figs.
[A.29[4.30][4.3T][4.32] it is shown respectively for the A®, AY},, AR and
M.

The uncertainties for each source have different colors as in the legend;
the line in black represents the total systematic band.

The main experimental uncertainties are the ones related to jets, namely
the combination of JES and JER, and the one related to b-tagging.
They contribute about at the same level in each bin of each observ-
able, with jets systematics being slighly larger in some bin, mainly as
expected in low and high ppr regions where JES is determined with
minor precision with respect to the central part of the spectrum. The
other larger uncertainty is the one related to the unfolding procedure,
where the main component impacting the cross-section measurement
is the modeling uncertaintylﬂ Depending on the observable, the relative
contribution of the main uncertainty changes.

1The approach used in this thesis is slightly conservtive. In the recent ATLAS paper
on this analysis a more sofistated technique is used to estimate these systematics, but
the approach used in the paper there goes beyond the scopes of this thesis. The range of
unfolding uncertainty on A®y, moves from 5-8% (in this thesis) to 2-7% (in the paper).
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Mean Relative systematic variation

For example, in the measurement of the pT and the |Y'| of the Z boson
the unfolding term is the dominant one, while for the other observables
the contribution of JES, JER and unfolding is on average similar.

Focusing on the results of the combination, where statistical fluctu-
ations get mitigated, one observes than the total uncertainty ranges
between 10% and 15% in the measurement of Z’s |Y|, leading b-jet
Y|, Ady,, AYpp.

The total uncertainty on ARy is slighly larger, due to an issue with
the electron channel, that at this stage hasn’t been yet further inves-
tigated. It ranges between 10% and 20% in the Z’s pp, where the
measurement is done up to 1 TeV. It ranges between 10% and 30% in
the leading b-jets pr, where the measurement is done up to 500 GeV,
and in the My,, measured up to 1.2 TeV.
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Figure 4.25: Relative sistematic uncertainties on the unfolded results of the
pr of the Z boson in muon (left), electron (center) and electron + muon
(right) channels.
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Figure 4.27: Relative sistematic uncertainties on the unfolded results of the
pr of the lead b-jet in muon (left), electron (center) and electron + muon

(right) channels.
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Figure 4.30: Relative sistematic uncertainties on the unfolded results of the
AY between the two b-jets in muon (left), electron (center) and electron +

muon (right) channels.
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4.3 Inclusive Cross-Section

The inclusive cross-section has been measured as described in Section
4.1: the systematic uncertainties are propagated through the unfolding
via the unfolding factor (Cz)and via the variation of the subtracted
backgrounds. The measure is compared with standard 5FNS multi-leg
MG+Py8 FxFx and Sherpa and with the 4FNS prediction as provided
by MG+Py8 FxFx (4FNS). The results obtained as expected are iden-
tical to the ones published by ATLAS in the recent paper [26]. They
are reported in Table

2%¥7 — (0~ + > 2 b-jet cross-section

2*0 + stat. & syst. [pb]

Data

1.39+0.01 £0.13

MG5+Py8 FxFx 5FS (NLO)

1.56 + 0.00 (stat) 7013 (scale + PDF)

Sherpa 5FS (NLO)

1.25 + 0.00 (stat) 7957 (scale + PDF)

MGaMC~+Py8 Zbb 4FS (NLO)

9
0.21
1.27 £ 0.01 (stat) T)-77 (scale + PDF)

Table 4.2: Measured inclusive cross-sections for Z4+ > 2 b-jet combining

electron and muon channels.

Either 5FN and 4FN predictions agree with data for the inclusive
cross-section and this is line also with previous ATLAS publication
with partial Run-2 dataset [2§].

4.4 Measured Differential Cross-Sections

The differential cross-sections are displayed in Figs. [{.33|4.34|&.35]4.36]
[4.374.384.394.40l For each measured observable it is shown the cross-
section in the electron, muon and combined (electron+muon) channels.
All measurements are compared with the predictions from the 5FNS
multi-leg generators MG+Py8 FxFx and Sherpa, while A®y, and My,
Fig.s and are also compared with the 4FNS predictions
provided by MG+Py8 FxFx (4FNS).[]

In each figure the nominal measured cross-section is shown as black
points, the black bars correspond to statistical uncertainties (they are
not visible, being negligible, thanks to the large dataset used), while
the dashed bands are the total uncertainties (fully dominated by sys-
tematic uncertainties). Also the predictions are shown with their un-
certainties (fully dominated by scale uncertainties).

“For the other observables predictions from MG+Py8 FxFx(4FNS) are not currently

available).
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The distributions of the transverse momentum of the Z boson and of
the b-jets probe pQCD over a wide range of scales and provide impor-
tant input to the background prediction for other SM processes and
searches beyond the SM. The differential cross-section as a function
of pr(Z) is shown in Figure while the differential cross-section
as a function of the leading b-jet is shown in Figure In general,
in both cases the measured spectrum tends to be slightly harder than
all predicted spectra. Overall, the prediction from MG+Py8 FxFx
demonstrates the best agreement with data, while the Sherpa predic-
tion still describes the data within larger theory uncertainties.

The distributions of the Z-boson rapidity and of the leading b-jet ra-
pidity are sensitive to PDF's in addition to probing pQCD. The dif-
ferential cross-section as a function of |Y(Z)| is shown in Fig. |4.34
while the differential cross-section as a function of the leading b-jet
|Y'| is shown in Fig. In general, a good agreement is observed
between data and predictions within the uncertainties. Sherpa (sim-
ulated with NNNPDF 3.0) describes very well the shape of the data,
while MG+Py8 FxFx (simulated with NNNPDF3.1luxQED) tends to
present a narrow distributions than data.

Fig.s [£.37, [4.38, [£.39] and [£.40] show the results on di-b-jets angular
observables. The measurement of the angular separation between the
two leading b-jets allows characterisation of the hard radiation at large
angles and the soft radiation for collinear emissions. Fig. [£.37] shows
the differential cross-section as a function of A®y,. Both MG+Py8
FxFx and Sherpa describe the data shape well with some modulation,
MG+Py8 FxFx (4FS) tends to slightly underestimate small and large
Ady, values corresponding to collinear and back-to-back b-jets. Fig.
4.38| shows the differential cross-section as a function of the rapidity
separation of the 2 leading b-jets AYj,. This observable has some
sensitivity to PDF's, but that is below the experimental uncertainties.
A good modeling of MG+Py8 FxFx and Sherpa is observed. Fig.
shows the differential cross-section as a function of ARp,. The ARy
observable is sensitive to the various production mechanisms of the Z +
b b final state. The region at low ARy, is dominated by the production
of two b-jets from gluon splitting. Probing this region requires two b-
jets in the final state, so it is not sensitive to very small angles of the
splitting. The interplay of the modelling of A®y;, and AY, influences
the prediction of the ARy,. Sherpa predictions describe the shape of
this observable quite well, featuring a substantial improvement at low
ARy, relative to the LO version reported by ATLAS using s = 7 TeV
[22]. MG+Py8 FxFx shows some differences in shape with respect to
data, but it still agree with data within the uncertainty.

Finally Fig. presents the differential cross-section as a function
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of Mp,. The invariant mass of the two leading b-jets is an important
observable in the measurement of associated ZH production with Higgs
boson decays into b b and in searches for physics beyond the SM in
the same final state. In general, all calculations predict steeper growth
below 80 GeV and steeper decrease for higher values. Overall none of
the predictions is able to describe the shape of the data distribution,
despite they are still in agreement with data within the uncertainties
in most of the bins.
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Figure 4.37: Differential cross-section for the production of a Z boson in
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Figure 4.38: Differential cross-section for the production of a Z boson in
association with at least 2 b-jets as a function of AY in electron, muon and
electron+muon channels.
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Figure 4.39: Differential cross-section for the production of a Z boson in
association with at least 2 b-jets as a function of AR in electron, muon and
electron+muon channels.

105



da/dm,, [pb/GeV]

MC / Data

da/dm,,, [pb/GeV]

MC / Data

da/dm,,, [pb/GeV]

MC / Data

0.5

—_—
) + 22 b-jet

e —
ATLAS Work in Progress ZIV* (-]
s=13TeV, 140 fb™" ><—e—< Data
~—s—— MGaMC+Py8 FxFx 5FS (NLO)
sk Sherpa 5FS (NLO)
~e MGaMC+Py8 Zbb 4FS (NLO)
#**
E o
e
i —
| | + | | l =
— —=&— MGaMC+Py8 FxFx 5FS (NLO) =% Sherpa 5FS (NLO) = MGaMC+Py8 Zbb 4FS (NLO) —|
-
[T N
\:g\ g ot SO e
T -
= e R RESSSSSS S S
= P I iy
, .
500 1000
my, [GeV]
E- T T T T
ATLAS Work in Progress Z/Y*(—ee) + 22 b-jet
Vs=13TeV, 140 b ><e—< Data
~—a— MGaMC+Py8 FxFx 5FS (NLO)
#++— Sherpa 5FS (NLO)
“e MGaMC+Py8 Zbb 4FS (NLO)
"-l-**
=+
E o
o e
S—
fosmen: s
T T =
— ~—8— MGaMC+Py8 FxFx 5FS (NLO) = Sherpa 5FS (NLO) ~~——=— MGaMC+Py8 Zbb 4FS (NLO) —
g ~
\:\:w;;, W NN
L I PR e
T
0 500 7000
m,, [GeV]
——— T
ATLAS Work in Progress ZIV*(—ll) + 22 b-jet
Vs =13 TeV, 140 fbo' >ce— Data
E- ~—s—— MGaMC+Py8 FxFx 5FS (NLO)
s+ Sherpa 5FS (NLO)
~s MGaMC+Py8 Zbb 4FS (NLO)
-*
e 3
=
o -
———

— W MGaMCHPy8 FxFx 5FS (NLO) WAL Sherpa 5FS (NLO)  ~—~— MGaMCH+Py8 Zbb 4FS (NLO) —]
-
+ 8
\‘a;
e P WO, )

QeI by S

) T Y e URUSIN SRR
= T

| T —

7000
my, [GeV]

Figure 4.40: Differential cross-section for the production of a Z boson in
association with at least 2 b-jets as a function of My, in electron, muon and
electron+muon channels.
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Conclusion

This thesis presents the cross-section measurements of the Z boson
production in association with at least two b-jets (Z + > 2 b-jets) in
proton-proton collisions at a center-of-mass energy of /s = 13 TeV
collected by the ATLAS experiment at the LHC at CERN. The mea-
surement has been performed using the full Run 2 dataset correspond-
ing to an integrated luminosity of 140 fb—1.

In this analysis, the Z boson is identified through its leptonic decay
(et + e or ut + p7) and it is associated to the b-jets, namely jets
coming from the hadronisation of b-quarks.

The inclusive and differential cross-section measurements are provided
in a fiducial space space very close to the to the detector acceptance
to minimize as much as possible modeling uncertainties and it is per-
formed separately in the electron channel and the muon channel and
in their combination. The differential cross-sections were measured
as a function of the following observables: the transverse momentum
(pr) and rapidity (|Y]) of the Z boson, the transverse momentum (pr)
and rapidity (]Y]) of the leading b-jet, Ady,, AYy, and ARy, between
the leading and sub-leading b-jets and the invariant mass of the two
b-jets Mp,. The inclusive cross-section measurements and the differen-
tial ones as a function of A®y, and My, have been recently published
in a paper [26] and have been used in this thesis for validating the
analysis described in this document. The measurements of differen-
tial cross-section as a function of the pr and the |Y| of the Z boson
and of the leading b-jet and as a function of AYj, and ARy, represent
the novelty of this thesis. Indeed they haven’t been never performed
before with the full Run 2 dataset.

The backgrounds have been estimated partially with MC simulations
and partially with data-driven techniques. In particular the back-
ground from ¢f pairs and from multijets has been estimated with data-
driven techniques. The signal (Z+ >2 b-jets) has been separated by
Z+jets background, namely Z-+light-jets, Z+c-jets and Z+1b-jet with
a fit to data using a flavour sensitive observable.
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After subtracting the background from the data, the data at detector
level have been unfolded to particle level using the Bayesian unfolding
method. The systematic uncertainties at the detector level has been
propagated through the unfolding procedure and the unfolding has
been performed separately for each systematic variation in a correlated
manner.

The unfolded data distributions, namely the cross-section measure-
ments, are compared with the available signal predictions from state-
of-the-art MC generators. In particular, the measurements are com-
pared with standard 5FS multi-leg MGaMC+Py8 FxFx and Sherpa
2.2.11 predictions, both have NLO matrix-element supplemented by
PS for the higher orders, and with a 4FS prediction, as implemented
in MGaMC+Py8 4FS, that also have a NLO matrix-element supple-
mented by PS. In general, the 5FS MG+Py8 FxFx and Sherpa gen-
erators describe the Z + > 2 b-jets data within the experimental and
theory uncertainties. Sherpa predictions show larger uncertainties (up
to 40%) with respect to MG+Py8 FxFx (that are up to 20-30%).

The generator that describes better the inclusive data is MG+Py8
FxFx, while Sherpa tends to underestimate the measured inclusive
cross-section. The best description of the shape of angular variables
namely (|Yz|, |Y| of the leading b-jet,A®yy, AV, ARyy) is provided by
Sherpa. It is interesting to mention the large improvement of new MC
generations in describing the small ARy, region with respect to previ-
ous MCs used in Run 1. The spectra of pr distributions are slightly
softer than the data, eithever using MG+Py8 FxFx and Sherpa, but
MG+Py8 FxFx shows the best agreement with data. For two observ-
ables, namely A®y, and Mp,, MGaMC+Py8 4FS is also compared to
data. Also in this case the predictions are consistent with the data
within the uncertainties with a tendency to underestimate the mea-
sured inclusive cross-section and to underpredict collinear and back-
to-back b-jet emissions. Finally none of the three MCs describes the
shape of data for Mpyy.

In comparison with the recent ATLAS publication on this final state
with the same dataset, this thesis explores additional observables that
are important test of pQCD prediction, have sensitivity to PDFs and
last but not least are important inputs for the tuning of the MC gen-
erators used to describe Z+b-jets processes in analysis where they are
background, i.e. Higgs measurements or searches of new physics.

In comparison with the previous ATLAS measurement with partial
Run-2 dataset where some of these variables were measured, more ex-
treme regions of the phase space are explored. The higher integrated
luminosity contributes to increase the number of selected events for
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rare final states with two b-jets. Advances in reconstruction and iden-
tification tools, mainly the b-tagging one, allow a reduction of the
uncertainties and thus increase the sensitivity to the signal processes.
Therefore this measurement provides important inputs for the im-
provement of theoretical predictions and MC generators of boson
production in association with b-jets, allowing a better quantitative
understanding of perturbative QCD.

The uncertainties in these measurements range between 10% and 20%
and are fully dominated by systematics. This result can be still im-
proved enhancing the performances of the flavour-tagging techniques
and improving unfolding methods. Moreover this thesis only explores
the resolved region, where the two b-quarks are reconstructed as two
separated jets, significant work remains to be done in the boosted
region, where the jets have higher transverse momentum and are re-
constructed as a single, large-radius jet. This region will allow for
studying the internal structure of jets and color flow effects. These
opportunities will be further enhanced by Run 3, which is operating
at an increased energy of /s = 13.6 TeV and is expected to provide
a luminosity of almost 300 fb~! (two times the current dataset). To
conclude, the upcoming studies of Z+b-jets at ATLAS promise to be
extremely exciting in the incoming future. The experiment is going
to explores new territories, probing new final states and new observ-
ables supported by improved reconstruction tools, these could lead to
substantial improvement in our understanding of pQCD.
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Unfolding

Several techniques are commonly used for unfolding, including the
bin-by-bin method, regularized unfolding and the Bayesian approach.
Each method has its advantages and is chosen based on the complexity
of the measurement and the level of regularization required to mitigate
statistical fluctuations and detector smearing.

Unfolding ensures that the reconstructed data can be compared di-
rectly with theoretical predictions or simulations, which are typically
expressed at the truth level.

Bin-by-bin

The bin-by-bin method is the simplest unfolding technique. The un-
folded distribution is computed as:

gen

Ni
rec

Ni

A~

T = (y; — b;)

(7)

where N7" is the total number of generated MC events in bin 4, N/
is the total number of reconstructed MC events in bin ¢, &; is the
unfolded distribution for bin %.

This method calculates the ratio between the number of reconstructed
events and the number of true events in each bin of the distribution.

To apply this method two conditions must be satisfied:
1. The true and experimental variables must have the same binning;

2. The method works well only if there is little event migration be-
tween bins. In other words, the detector smearing ( the uncertainty
in reconstructing the true observable) should be smaller than the bin
size.

An advanced version of this method which allows for bin migration
by constructing a response matrix that links the number of generated
events in one bin to the number of observed events in all bins.

Once this matrix is built, it is inverted and applied to the observed
data to recover the true distribution.

In this case, the unfolded result is given by:

&=A"(y—b) (8)

where A is the response matrix and y and b are the observed data and
background, respectively.
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While this approach can handle bin migration, it introduces new chal-
lenges. Indeed, the inverse of the response matrix does not always
exist. Even when it does, the inversion can amplify statistical fluctua-
tions, particularly in cases with limited data, leading to unstable and
unreliable results.

Another drawback can be that a requirement of this method is that
the true and experimental variables still require identical binning.

Therefore, despite its simplicity, the bin-by-bin method has significant
limitations. The strict requirements on binning and stability, com-
bined with its inability to handle large event migration or statistical
noise, make it less suitable for many practical applications.

Regularized unfolding

To address the shortcomings of simpler unfolding methods, a more so-
phisticated approach is regularized unfolding. This method works
by suppressing spurious oscillations in the solution, which can arise due
to statistical fluctuations in the data. The key idea of regularization
is to incorporate prior knowledge about the smoothness of the true
distribution. By doing so, it aims to stabilize the unfolding process
and prevent overfitting to noise in the observed data.

The regularization is achieved by imposing a constraint based on prior
assumptions about the degree of smoothness in the true distribution.
However, it is crucial to determine the appropriate weight of this prior
information using statistical techniques because it can introduce bias
into the result.

While regularization improves stability, the unfolded solution is limited
in terms of the number of data points. This limitation leads to a loss
of resolution and a decrease in statistical accuracy. As a result, the
method is best suited for cases where stability and smoothness are
more important than maximizing precision.

Despite its advantages in stabilizing the results, regularized unfolding
has not been widely adopted due to technical complexities.

Bayes method

The Bayesian method is undoubtedly the best unfolding technique.
Unlike other methods, it can be applied to multidimensional problems,
whereas many traditional approaches are limited to one-dimensional
cases. It allows for the use of cells of different sizes in the distribution
of both the true and experimental values. Additionally, the Bayesian
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method can handle event migration between bins, which is a major
limitation in simpler unfolding techniques.

One of its key advantages is that it does not require matrix inversion,
avoiding the risk of amplifying statistical fluctuations and ensuring a
more stable solution. The method also naturally provides the corre-
lation matrix of the unfolded results, which is crucial for evaluating
uncertainties and correlations between bins. Moreover, the Bayesian
unfolding is relatively simple and fast to implement, making it a prac-
tical choice for many complex analyses.

Bayes theorem

In the Bayes theorem one has to identify an effect £ and several in-
dependent causes C;. Supposing to know the initial probability of the
i — th cause P(C;) and the conditional probability of the i — th cause
to produce the effect P(E|C;), the Bayes formula is

P(E|C;)P(Cy)

PIGIE) = S BiEicn Py ©)

This means that the probability that a specific event E is caused by
an ¢ — th cause is proportional to the probability that the ¢ — th cause
produced the event E and the initial probability of the cause P(C;).

A powerful feature of this theorem is that, increasing the number of
the observations, also the knowledge of P(C;) increases.

In contrast, P(E|C;),which describes the likelihood of the event given
the cause, remains constant and can be estimated using MC methods.

If there are multiple events, denoted as n(F), the expected number of
events assignable to each cause is

n(C;) = n(E)P(Ci|E) (10)

and if the effects are more than one (E}), it is possible to evaluate,
similarly to Equ. [0} P(Ci|Ej) as

P(EJ|CZ')PO(01')
11 P(E;|C) Po(Cy) (11)

P(Ci|Ej) =

where Py(C;) represents the initial probability of the causes.
For the above formula to hold, the following conditions must be met:

- Yo, Pyo(C;) = 1, ensuring that the total probability across all causes
equals 1;
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- >, P(Ci|E;) = 1, meaning each effect can come from one or more
causes, including background sources;

- it is not required that each cause produces at least one effect.

Given a number of observations for each event, an estimator for the
unfolded distribution, i.e. the expected number of events assigned to
each cause due to the observed events is, using Equ.

A(Ci)lobs = >_ n(E;)P(Ci|Ej) (12)

j=1

and, considering the estimation of the efficiency, the true number of
events is

#(C) = = (B P(GIE)) (13)
(A ]:1

The true total number of events is then equal to

nc
Ntrue = Zﬁ(cz) (14)
i=1
The efficiency is estimated as
N,
é = obs (15)
Ntrue

and it differs from the a priori overall efficiency ¢y = %

gen :

As the initial distribution Py(C') approaches the true one, the agree-
ment improves, meaning that the estimated P(C') will lie between the
initial guess Py(C') and the true distribution.

It is possible to perform the unfolding iteratively:

1. The initial distribution Py(C') and the initial expected number of
events no(C;) are chosen;

2. 1(C) and P(C) are calculated;
3. x? comparison between 7(C) and ng(C) is done;
4. Py(C) is replaced by P(C) and ng(C) is replaced by n(C);

5. if the x? is smaller than a certain chosen threshold the iterations
are stopped, otherwise these steps are repeated.
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As previously mentioned, this method allows for an efficient treatment
of the background, providing flexibility in the choice of the initial
probabilities for the causes.

In fact, this approach can also be applied to study different physics
processes that share similar signatures.

Estimation of the uncertainties

In order to determine the uncertainties in this procedure, it is possible
to rewrite n(C') as

A(C) =S Miyn(E;) (16)
j=1

where M;; is the unfolding matrix.

It is crucial to identify the sources of uncertainty for each term that
contributes to the covariance matrix of n(C;):

- Py(C;) is only affected by systematic uncertainties, which are evalu-
ated by studying the stability of the results when varying the initial
assumptions.

- The contribution from n(Ej;) is evaluated as a function of the unfold-
ing matrix and the true number of events. If the relative frequency in
each cell is sufficiently low, either due to a large number of bins or low
efficiency, the numbers in each of the cells can be approximated by an
independent Poisson distribution.

- The contributions from P(E;|C;) are estimated using MC simula-
tions and account for both statistical (arising from the limited num-
ber of simulated events) and systematic (due to assumptions in the
simulation) errors. For this contribution, correlations must also be
considered. In fact, the total number of events generated for each
C; cell is distributed among the Ej effect-cells. For this reason, it is
not always possible to neglect the covariance between P(E;;|C;) and
P(Ej3|C;) due to migration effects. However, the covariance between
terms related to different cause-cells can generally be neglected.
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