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Abstract

The top quark is the heaviest known elementary particle of the Standard Model. Thanks
to its particular properties, it allows to explore unique physics domains, inaccessible
otherwise: one of them is the WbWb production from proton-proton collisions. Studying
this process is very important for a better knowledge of the Standard Model, but also to
investigate some Beyond the Standard Model phenomena.

In this work, the first ever measurement of the fiducial differential cross-sections
of the WbWb production in the dilepton channel is provided. The measurement is
performed using the full dataset collected by the ATLAS detector from proton-proton
collisions at the LHC during Run-2 at /s = 13TeV corresponding to an integrated
luminosity of 140 fb™'. The differential cross-sections have been measured as a function
of kinematic variables characterizing the WbW final states and one tt/¢tW interference-
sensitive variable, defined as my}™™» The results are then compared to several Monte
Carlo predictions.

We have also developed a novel unfolding method based on quantum annealing, along
with a dedicated software tool, called QUnfold. Our implementation is the first LHC-
size data analysis software capable of using quantum computation to solve the unfolding
problem and therefore to measure differential cross-sections of particle physics processes.
We successfully tested it on the WbWb ATLAS data used for the main analysis of this
work.
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Introduction

The Standard Model (SM) of particle physics is, at the moment, the most complete
theory to describe matter particles and their interactions. In the Standard Model, the
heaviest elementary particle known so far is the top quark.

The study of the top quark properties is a fundamental particle physics topic nowa-
days; it is useful not only for a better understanding of the SM, but also to explore
proposed Beyond the Standard Model (BSM) processes. The top quark represents one
of the fundamental building blocks of our universe and is significantly different with re-
spect to the other particles. Due to its large mass, it may undergo some kind of processes
that can’t be seen with the other lighter particles.

The top quark decays into a Wb pair with a branching ratio close to 100%. An
interesting process to study is the WbWb production which takes into account also the
quantum interference between singly (tW) and doubly (¢f) resonant top quark produc-
tions. This production process can be studied in proton-proton collisions at the LHC.

The experimental measurement of this interference term is a fundamental test for the
SM, but it also aims at improving particular BSM searches, where background regions
are enriched in events in the interference region. For example, these regions need to
be deeply understood in order to discriminate signal from background in several SUSY
searches. This study can also help to solve a similar problem in ttH vs. tW H or tty vs
tW~ processes.

At present, the LHC is the largest and most powerful particle accelerator in the world.
It hosts four main experiments and one of them is ATLAS. I contributed to the ATLAS
RPC detector improvements and in particular I developed a software which helps the
monitoring of the RPC detector performances and operations. This work is also useful
to improve selection quality of muon events of the W decay in the Wb pair of the top
decay.

Here we present the first ever complete measurement of the WbWb cross-sections in
the dilepton channel at the particle level. This measurement has been performed on the
full data collected by ATLAS from proton-proton collisions at the LHC, during the Run-2
at \/s = 13 TeV, corresponding to an integrated luminosity of 140 fb~'. The differential
cross-sections have been measured as a function of several kinematic variables and one
interference-sensitive variable, named m3™™* hy using an iterative Bayesian unfolding



procedure and comparing the results to several Monte Carlo predictions.

We have also developed a novel unfolding method based on quantum annealing, along
with a dedicated software tool, called QUnfold. In recent years, quantum computing has
emerged as one of the most promising and intriguing fields at the intersection of physics
and technology. Among the various quantum computing paradigms explored, quantum
annealing stands out as a particularly significant approach. Our implementation is a
revision and an improvement of a technique described in a previously published paper
and is the first LHC-size data software capable of using quantum annealing to solve the
unfolding problem. We decided to test it on simulated data as a first step, and then on
the real WbWb ATLAS data used for the main analysis of this work, in order to perform
a full feasibility study.

This work is structured as follows:

o Chapters 1 and 2: here the physical foundations of the measurement are ex-
plained. Firstly, the SM of microcosm is introduced, then the top quark particle
is presented and finally the WbW'b production and in particular the quantum in-
terference between tt and tWW is described from a theoretical point of view.

o Chapters 3 and 4: here the LHC collider and the ATLAS detector are introduced.
Firstly, a basic introduction to LHC is provided and then a more detailed explana-
tion of the ATLAS experiment and its components is highlighted. In Appendix
A the work related to my contribution to the RPC detectors is shown.

o Chapter 5: in this chapter the reconstruction procedure of the fundamental par-
ticles detected by ATLAS is shown. The interested reconstructed objects are:
electrons, muons, b-jets and missing transverse energy. An extra section about the
overlap removal procedure is reported in the last part of the chapter.

o Chapters 6, 7 and 8: here all the fundamental steps of the analysis are pointed
out. Firstly, data and Monte Carlo (MC) samples are presented. Secondly, the
event-selection and the discriminating variables used for the unfolding are shown.
Then, the unfolding procedure and the final results are reported. Finally, in the
last part, all the work related to QUnfold and its results is present. Complements
to this chapter are located in Appendices B and C.

e Conclusions: here discussions, conclusions and future outlooks of the work are
discussed.
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The top quark

1.1 The Standard Model of particle physics . . . . . . ... .. .. ... ... 4
1.1.1  Particles and forces classification . . . . . ... ... ... .. .. 4
1.1.2  Quantum Electrodynamics . . . . . . . ... ... ... ... 7
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1.2 Top quark physics . . . . . . . . 15
1.21 Thetop . . . . . . 15
1.2.2  Fundamental properties of the top quark . . . . . . ... ... .. 17
1.2.3  Impacts of top quark in SM and BSM physics . . . . . .. .. .. 21
1.2.4  Top quark production cross-sections . . . . ... ... ... ... 22

Particle physics is one of the main pillars of our understanding of the laws on Nature.
It describes the fundamental constituents of our Universe, which are the particles and
how they interact with each other through forces. The Standard Model, described in
Section 1.1, is considered for the moment as the most powerful theory used to describe
the particles and their interactions. Despite some missing pieces in the description of the
Nature, it seems to be able to provide a successful picture of the current experimental
data.

One of the elementary particles behaves in a different manner with respect to the
others: the top quark, described in Section 1.2. Due to its peculiar properties (described
in Section 1.2.2) it is able to participate in many interesting processes, inaccessible for
the lighter particles [1].

One of the most interesting processes involving top quarks is the WbWb production
in proton-proton (pp) collisions. This process is the main subject of this work and will



1.1. THE STANDARD MODEL OF PARTICLE PHYSICS

be described from the theoretical point of view in Chapter 2.

1.1 The Standard Model of particle physics

As mentioned in the Introduction, the SM is one of the most suitable theories used
to describe the nature and the behavior matter. It is currently the best and most
experimentally confirmed choice to describe the microcosm.

The theory is based on three gauge groups:

SUBB)c ®@SU(2)L ® U(1)y (1.1)
where the first one is associated to the strong interaction while the second and third to

electroweak one.

1.1.1 Particles and forces classification
Fundamental “matter” particles of the SM are called fermions and have semi-integer

spin. They are:

6 Leptons with Spin =
with also the corresponding anti-particles.

N~ =

6 Quarks with Spin =

Fermions are divided into three families, each of them composed by two leptons:

(Ve) ’ (Z) ’ (VT) (1.2)
(5)- () G) 1

Each of the six types of quarks is available in three distinct color charges, conventionally
named: red, blue and green. Anti-fermions have opposite-sign quantum numbers with
respect to their fermions counterpart [2]. The total number of fundamental matter
constituents is therefore 24 fermions and 24 anti-fermions!.

Particles are subject to interactions, that explain the way in which matter is bound
together. To allow for an action at distance that does not violate the relativity princi-
ples, it is necessary for each force to be exchanged through a mediator, which should be
a particle with integer spin, namely a boson: this is required by the Quantum Field

and two quarks:

1Ordinary matter is composed mainly by e, u and d.
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Theory (QFT). The four known fundamental interactions are: gravitational inter-
action, which does not enter the SM, electromagnetic interaction (QED), weak
interaction (QFD) [3, 4, 5] and strong interaction (QCD) [6, 7]. In Table 1.1 prop-
erties of each interaction mediator are shown.

Interaction Mediator Symbol Spin (h) Mass (GeV/c?)
Gravitational Graviton (1) G 2 0
Electromagnetic Photon (1) 0% 1 0
Strong Gluons (8) g 1 0
Weak Wand Z (3) WH W, Z 1 ~ 100

Table 1.1: Representation of the 4 fundamental forces mediators and their properties.
The graviton is an hypothetical particle which should participate as a mediator into the
gravitational force.

Another fundamental boson of the theory is the Higgs boson H which is a scalar boson
and, through the Brout-Englert-Higgs mechanism (BEH) [8], gives masses to the
other fundamental particles.

Finally, the total number of fundamental fermions and bosons in the theory is [9]:

48 (fermions) + 12 (bosons) + 1 (Higgs) = 61 (1.4)

In Figure 1.1 the SM fundamental particles with some of their basic properties are shown.
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mass - =2.3 MeV/c? =~1.275 GeV/c? ~173.07 GeV/c? 0 ~126 GeV/c?
charge = 2/3 i 2/3 b 2/3 - 0 0 H
spin > 172 “ 112 3 172 a 1 0
Higgs
up charm 7’ top ) \ boson
~4.8 MeV/c? =95 MeV/c? ~4.18 GeV/c?
0y
o -1/3 : -1/3 .
£ i | 112 3 12
<
552 down  strange  bottom |
0.511 MeV/c? 105.7 MeV/c? 1.777 GeVic? 91.2 GeV/c?
A a -1 -1 ] 0
112 % 112 ‘W 112 3 1 n
=
electron muon tau . Zboson o
\ ()]
v 22evie <0.17 MeV/c? <15.5 MeV/c? 80.4 GeV/c? 8
< o y 0 a 0 +1 w
E 112 w 112 w 112 w 1 G
8. el -
ectron muon tau
“ ' neutrino neutrino neutrino . Wboson g

Figure 1.1: Fundamental particles of the SM with some of their basic properties.
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1.1.2 Quantum Electrodynamics

The electromagnetic (EM) interaction is classically defined as the interaction between
two electrically charged bodies that exchange a massless boson, called photon, as de-
scribed by the Maxwell equations. At a fundamental level, a quantum field theory is
required to describe this force, with QED being the most suitable theory developed to
date [10]. It is described by the U(1)gy gauge group. The interaction between two
charged fermions is treated as the emission of a photon by one of them, followed by
the absorption by the other. See Figure 1.2 for an example of a possible EM inter-
action [11] represented through a Feynman diagram?. Since QED is an abelian gauge

N, S
R

f}/

g

Figure 1.2: (a): example of an EM interaction between an electron and a positron
through the exchange of a photon (Bhabha scattering) and (b): Triple vertex diagram
with photons (not allowed in QED).

theory, it is not possible to have vertices in absence of fermionic sources, i.e. with bosons
self-interactions, as shown in Figure 1.2.

The two manifestations of the EM interaction are the forces related to the electric
and magnetic fields, defined in this way:

. . 04
E=-V¢—— 1.
Vo= (1.5)
B=VxA (1.6)

where ¢ is the scalar potential, A is the vector potential and V is the nabla operator. In
general, the electromagnetic four-potential is defined as:

AF = (¢, A). (1.7)

2A Feynman diagram is a graphical representation used in particle physics to depict interactions
between subatomic particles. Each line or vertex in the diagram corresponds to particles and their
interactions, simplifying calculations in quantum field theory.
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Each interaction is now represented by a density lagrangian, that in this case is:

1 1
Lon = =7 Fu " = A+ Sm’ A4, (1.8)

where [, is the EM tensor and J, is the current-density. The first term of the Eq. 1.8
is called kinetic term, the second one is called interaction term (L;). If the field was
massive, with mass m, the third term would have represented the mass term.

The total QED lagrangian is obtained requiring its invariance under local gauge trans-
formations. In fact, free fermions are described by the Dirac lagrangian:

Liree = Y(x)(in" 0 — m)y(x) (1.9)

where v is a 4-component Dirac spinor, ¥* are the Dirac matrices and ¢ = 1t (z)°. If
now the covariant derivative is introduced:

D, = 0, +iqA,(z) (1.10)

Eq. 1.9 results invariant under local gauge transformations, and the new lagrangian
becomes:

L= Lpree — gAY (1.11)

with J# = ¢py#1p. This is invariant under local gauge transformations:
U(x) — 4@y (1) (1.12)
Ay (z) = Au(x) — 0,0(x) (1.13)

where «(z) is a generic function, parameter of the transformation. To obtain the final
QED lagrangian it is necessary to also include the kinetic term of the Eq. 1.8 which
describes the propagation of the photon associated to the field:

- 1
EQED = ﬁfree - C]AuWYHID - ZF;WFIW (114)

where the mass term for the photon of the Eq. 1.8 has been omitted since it would
violate the local gauge invariance and the lagrangian correctly describes a non-massive
photon [12].

From the vertex of an EM interaction it is possible to extract an adimensional cou-
pling, called fine structure constant which value is:

! (1.15)
apy ~ ——— .
P37
even if it is not properly a constant, because it is a running coupling and varies with the

energy scale [13].
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1.1.3 Quantum Flavordynamics

The Quantum Flavordynamics (QFD) [14], or simply weak interaction, is different
with respect to QED. The interaction is mediated by three charged bosons: W for
charged current interaction (CC), and Z for neutral current interaction (NC).

A very particular property of this kind of force is its relation with the parity quantum
number P. Parity is represented as the 4° Dirac matrix operator:

10 0 0

- 01 0 0

_ A0

P=7=100 1 o (1.16)
00 0 -1

Parity violation was discovered by Madame Wu in 1957, studying the nuclear 5-decay of
80Co [15]. From this observation, the weak interaction vertex required to have a different
form with respect to the other interactions such as QED or QCD. The requirement
of Lorentz invariance of the matrix element severely restricts the possible forms of the
interaction. It was later demonstrated that the most general form for the interaction
came only from the linear combination of 2 bilinear covariants giving rise to the Axial-
Vector (V-A) current [16].

The most representative Hamiltonian of the QFD is the one associated with the (-
decay of the neutron:
Gr - 5 7 5
—= [ (1 = V")l [er (1 = ")) (1.17)
V2
where 7 is the vector operator and *+® is the axial-vector one. See Figure 1.3 for
a graphical representation of the Feynman diagram of the neutron S-decay. Gp is the
Fermi constant, embedding the “strength” of the weak interaction:

Hy_y =

V2 8mi
This interaction is called “weak” because of the large mass (mpy =~ 80GeV) at the

denominator of the Eq. 1.18. The gy represents the coupling constant and is useful to
determine the fine structure constant of the QFD:

(1.18)

gw . L
= —> 1.19
W r Yo T M (1.19)
and also in this case the constant varies with the energy.
Each vertex is expressed as:
—Z= (1 =) (1.20)

V3 2

Since QFD is a non-Abelian gauge theory, vertices like the ones shown in Figure 1.4 are
allowed.



1.1. THE STANDARD MODEL OF PARTICLE PHYSICS

p(u)
n(d) +o/ Ve
\w\\ /

(&

Figure 1.3: Feynman representation of the $-decay of the neutron: n — p+e~ + 7.

ﬂ L%a ﬁfﬂﬁ .%
w W w w
(a) YWW vertex. (b) ZWW vertex.

Figure 1.4: Allowed vertices in QFD theory.
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1.1. THE STANDARD MODEL OF PARTICLE PHYSICS

1.1.4 Quantum Chromodynamics

The Quantum Chromodynamics (QCD), also called strong interaction, is the last
of the three fundamental interactions mentioned in the introduction. It involves only
quarks and is related to the SU(3)c gauge group, where the label C' stands for color.
The energy scale® of this force varies with the energy and the number of considered
quark flavors, but usually the value 250 MeV is used to represent the necessary energy
to confine two quarks in a pion [17].

The property that distinguishes quarks from leptons is the color quantum number,
so it is natural to construct a theory of the strong interactions among quarks based upon
a local color gauge symmetry.

Interactions among quarks are mediated by gluons, that are massless vector bosons
and are 8 in total.

The six quarks presented in Section 1.1.1 (see Figure 1.1) are color triplets.

To construct a theory (and a lagrangian) of the strong interaction we have to start
from the description of a free quark lagrangian. It can be described by the Eq. 1.9. The
Dirac spinor is composed by three different components associated to the three colors:

@0(90) = (¢reda¢greenawblue>- (121)

Let’s now consider the covariant derivative, defined in Eq. 1.10, with a new field B,
and the strong coupling constant g,:

D, = 8, +ig:B, (1.22)

where B, is a 3 x 3 matrix in color space, that depends on the eight color gauge fields
biL and the generators \'/2 of the SU(3)¢ gauge group:

- -1
B,=-\-b, = §>\lbL (1.23)

N —

where A are the Gell-Mann A-matrices. Adding also a kinetic term to the lagrangian,
determined by the G, gluon field-strenght tensor, the new lagrangian becomes:

Laon = Ba) ("D, — m)b(x) — 5t (CuGH) (1.24)

As for the QFD, QCD is a non-Abelian gauge theory and 3 or 4 gluon vertices are
allowed in the theory (see Figure 1.5). For energies of ~ 100 GeV, ay =~ 0.1, this is
called asymptotic freedom regime in which perturbative approach is possible; instead, for
smaller energies (= 1 GeV), a, ~ 1. This is called confinement regime. An example of a
possible strong interaction is the one shown in Figure 1.6.

3The energy scale in physics refers to the characteristic range of energies at which a particular physical
phenomenon or interaction becomes significant or dominant.

11
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(a) Triple-boson vertex. (b) Tetra-boson vertex.

Figure 1.5: Allowed vertices in the QCD theory.

-
\\t

Figure 1.6: Production of tf via ¢ annihilation.
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1.1. THE STANDARD MODEL OF PARTICLE PHYSICS

1.1.5 Electroweak theory

In the SM all fermions are decomposed into left-handed and right-handed chiral states.
In general each fermion family can be written as:

Vi qu —
- : lry Qur, qar (1.25)
(l )L (Qd>L "

where v, is the neutrino associated to the charged lepton [~ and ¢, and ¢4 are the up-
type and down-type quarks. The left-handed fields are SU(2), doublets, while their
right-handed partners transform as SU(2) singlets [18].

To describe a unified theory of electromagnetic and weak interactions (this forces are
unified at ~ 246 GeV) it is necessary to have massive gauge bosons W* and Z and
massless QED boson 7. The simplest group to describe this interaction is:

G =SU©2), ® U(1)y (1.26)

where Y is the hypercharge, defined from this equation:

Q=1+ % (1.27)

with @) electromagnetic charge and I3 third component of the weak isospin.
Let’s start by considering a lagrangian as in QED and QCD:

Lo = ity ()" D,y (x) (1.28)

where v (z) is the up-down spinor doublet of the quark or lepton sector, 1o(x) is the
right-handed spinor singlet of the up-component and v3(x) is the right-handed spinor
singlet of the down-component. This lagrangian is invariant under global gauge trans-
formations in flavor space. If we replace fermion derivatives with covariant derivatives
we get local gauge invariance. Firstly, it is necessary to build a kinetic term, starting
with the introduction of two field strenght tensors:

B,, =0,B, - 0,5, (1.29)
W, = 0,W — 9,Wi — geTFWiwE (1.30)
where B, is the gauge field of QED, Wu are the gauge fields of QFD, ¢ is the coupling

constant of the SU(2)y, group and €¥* is the Levi-Civita tensor. Both fields of Eq. 1.29
and 1.30 are invariant under gauge transformations. Therefore, the kinetic term becomes:

1 1 o~ ~ 1
Liin = =7 BuB" = Str [WWWW} = —7BuB" -

1

4V[/;;VWZ.“”. (1.31)
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1.1. THE STANDARD MODEL OF PARTICLE PHYSICS

The gauge symmetry forbids a mass term for the gauge bosons and also fermionic masses
are not allowed since they would link the left- and right-handed fields, which have dif-
ferent transformation properties and therefore would provide an explicit breaking of the
symmetry. Now this lagrangian contains only massless fields and generates also cubic
and quadratic terms that have to be taken into account.

The lagrangian of Eq. 1.28 contains interactions of fermion fields with gauge bosons,
so they describe possible charged-current interactions with the boson fields W, and its
complex-conjugate WJ for a single family of quarks and leptons:

Lcc = —%{WJ[UWU —¥5)d + vy (1 — y5)e] + h.c]} (1.32)

where h.c. are hermitian conjugates terms. However also neutral current interactions

[~ W

S~ ~

Z W
(a) NC interaction vertex. (b) CC interaction vertex.
Figure 1.7: Examples of CC and NC allowed electroweak processes. In (a): NC vertex

of a generic fermion f. In (b): CC vertex of a generic lepton [~ and the corresponding
neutrino vj.

based on the Wg and B, fields are allowed, and a NC term of the lagrangian is necessary:

e
Lyc=L — JhZ 1.33
Ne @ED 2 sin Oy cos Oy Z7H ( )

where Lggp is the lagrangian of QED, e = gsin Oy, Oy is the Weinberg angle that mixes
W2 and B, with the physical fields Z, and A, and J is the neutral fermionic current.
See Figure 1.7 for some examples of CC and NC electroweak processes.

The problem of this lagrangian is that it does not contain mass terms for the fermions
nor for the vector bosons. The issue of fermion and boson masses can be solved with the
introduction of the spontaneous symmetry breaking (SSB) via the BEH mechanism
(mentioned in Section 1.1.1) in the case of a lagrangian with local gauge symmetry. After
the application of this theory, the gauge bosons of the weak interaction and the fermions
became massive and a new massive scalar field called Higgs boson is introduced.

14



1.2. TOP QUARK PHYSICS

The measured masses of the weak bosons are [19]:

My ~91GeV, My ~ 80GeV (1.34)

1.2 Top quark physics

The top quark is one of the most particular elementary particles observed so far. As
mentioned in the introduction of Section 1.1, it has very singular properties that let
his behaving in a completely different manner with respect to the lightest elementary
components. In this section a brief overview on the top quark physics at the LHC will
be introduced, explaining its properties and its importance in current studies.

1.2.1 The top

The most significant dates for the discovery of the top quark t are the following:
e 1964: quark model proposed by Gell-Mann and Zweig [20].
e 1970: GIM Mechanism = introduction of the fourth quark, the charm [21].
« 1975: discovery of the 7 = 3 generations of leptons [22].
« 1977: discovery of the T and the introduction of the fifth quark, the bottom [23].

e 1984: t not observed at SppS accelerator = limit on the t mass: m; > 44 GeV
[24].

« 1990: t not observed at LEP collider = limit on the ¢ mass: m; > 69 GeV [25].

The discovery was announced at Fermilab on March 3, 1995 [26], with an integrated
luminosity L ~ 60fb~"', yielding very few events, but with 50 discovery significance,
corresponding to a probability of 107%, which corresponds to the likelihood that the
observed result is due to background fluctuation, implying a very high confidence level
in the discovery.

From the studies and further measurements followed along the years, at present we
know that:

o It is an elementary particle.

o [t is massive.
o1
o It has spin —.
2
o It is produced both strongly and weakly.

15



1.2. TOP QUARK PHYSICS

o It decays immediately before hadronizing.

o [t is the particle more intensively coupled with the Higgs boson through the Yukawa
coupling, even if, for the moment, we only have quite imprecise measurements of
the top Yukawa coupling.

With a mass of >~ 173 GeV, above the Wb threshold, the decay width of the top is
expected to be dominated by the two-body decay channel:

t— Wb (1.35)

asmiy
2
t

Neglecting terms of order m}/m?, a? and those of the order in the decay ampli-

tude, the width predicted through the SM theory is [27, 28]:

Grm? m2,\ 2 m? 20 (272 5
I, = L] - W 1+2-W ) 11— === — 2| ~1.33GeV. 1.36
T osrV2 ( m? * m? 3r \ 3 2 ¢ (1.36)

We can see that the G constant contains the largest part of the one-loop electroweak
radiative corrections, providing an expression accurate to better than 2% and this width
increase with the mass of the top. From the Eq. 1.36 it is possible to compute the top
quark lifetime:

7~ 0.5 x 107*s (1.37)

and due to this very short lifetime the t is expected to decay before top-flavoured hadrons
or tt-quarkonium bound states can form. Also, other QCD corrections can be applied
to the Eq. 1.36, reducing the theoretical error to 1%. Other Ws or Wd decays are
suppressed because of the values of the CKM matriz elements [29].

The W boson decays as well and its possible decay channels are:

W —ly, W—qq (1.38)

where [ is a lepton, v; is the corresponding neutrino and g and ¢ are two different quarks
See Figure 1.8 for a schematic view of an example of a top-quark decay Feynman diagram.
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1.2. TOP QUARK PHYSICS

.
BN
N

Figure 1.8: Example of decay channel of ¢ quark into W™ and b with subsequent decay:
W+ — l+l/l.

1.2.2 Fundamental properties of the top quark

Some of the most important top quark properties are:

e Mass: the mass of the top quark is larger than that of any other known funda-
mental particle. Usually the top-quark mass value is given as a top pole-mass, that
is defined as the real part of the pole in the top quark propagator:

VPR = mP - %r (1.39)

where p is the 4—momentum and T' is the decay rate [30]. This pole-mass is
defined up to an intrinsic ambiguity of the order of Agep ~ 200 MeV. Masses of
top, W and H particles are linked by a relation (see radiative correction formula
in Eq. 1.43 later), therefore, better precision in the estimation of the top mass is
given also by better precision in the measurement of W and H masses (see Figure
1.9). Summary of the ATLAS and CMS direct myqp measurements* compared with
the LHC and Tevatron+LHC my,, combinations are shown in Figure 1.10. The
combination my., value of ATLAS and CMS gives the following top mass value
[32]:

my; = 172.52 £ 0.33 GeV (1.40)

o Electric charge: the top quark in the SM is an up-type quark, so the charge
is predicted to be +2/3; this has found confirmation experimentally by dedicated
measurements [27].

4In this case the MC-mass is usually measured instead of the pole-mass.
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Figure 1.9: Plot of my vs m;. In figure the 68% and 95% CL contours for the indirect
determination of m, and my from global SM fits to EW precision data are shown [31].
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ATLAS+CMS Preliminary Miop summary,\E =7-13TeV  Oct 2022
LHCtopWG
------- World comb. (Mar 2014) [2]

stat total stat

total uncertainty m,, * total (stat+ syst) Vs Ref.
LHC comb. (Sep 2013) LHctopwe 173.29+ 0.95 (0.35+ 0.88) 7TeV [1]
World comb. (Mar 2014) 173.34+ 0.76 (0.36 + 0.67) 1.96-7 TeV [2]
ATLAS, I+jets 172.33+ 1.27 (0.75+ 1.02) 7TeV [3]
ATLAS, dilepton 173.79+ 1.41 (0.54+ 1.30) 7TeV [3]
ATLAS, all jets 1751+ 1.8 (1.4+ 1.2) 7TeV [4]
ATLAS, single top 172.2+2.1(0.7+ 2.0) 8 TeV [5]
ATLAS, dilepton 172.99+ 0.85 (0.41+ 0.74) 8 TeV [6]
ATLAS, all jets 173.72+ 1.15 (0.55+ 1.01) 8 TeV [7]
ATLAS, I+jets 172.08+ 0.91 (0.39+ 0.82) 8 TeV [8]
ATLAS comb. (Oct 2018) 172.69+0.48 (0.25+ 0.41) 7+8 TeV [8]

ATLAS, leptonic invariant mass
ATLAS, dilepton (*)

174.41+ 0.81 (0.39+ 0.66+ 0.25) 13 TeV [9]
172.63+0.79 (0.20% 0.67+ 0.37) 13 TeV [10]

CMS, |+jets 173.49+ 1.06 (0.43+ 0.97) 7 TeV [11]
CMS, dilepton 172,50+ 1.52 (0.43+ 1.46) 7 TeV [12]
CMS, all jets 173.49+ 1.41 (0.69+ 1.23) 7 TeV [13]
CMS, |+jets 172.35+ 0.51 (0.16+ 0.48) 8 TeV [14]
CMS, dilepton 172.82+ 1.23 (0.19+ 1.22) 8 TeV [14]
CMS, all jets 172.32+ 0.64 (0.25+ 0.59) 8 TeV [14]
CMS, single top 172.95+1.22 (0.77+ 0.95) 8TeV [15]
CMS comb. (Sep 2015) 172.44+ 0.48 (0.13+ 0.47) 7+8 TeV [14]
CMS, I+jets 172.25+ 0.63 (0.08+ 0.62) 13 TeV [16]
CMS, dilepton 172.33+0.70 (0.14+ 0.69) 13 TeV [17]
CMS, all jets 172.34+ 0.73 (0.20+ 0.70) 13 TeV [18]
CMS, single top 172.13+0.77 (0.32+ 0.70) 13 TeV [19]
CMS, I+jets (*) 171.77+0.38 13 TeV [20]
CMS, boosted (*) . }li‘]ﬁ,ffm (0.35: 0.78) ) 13Tev [21]
* Preliminary }w
0 [13] EPJC 7: -008
|||||||||||||”|\||||l |]|||
165 170 175 180 185

Mgp [GeV]

Figure 1.10: Summary of the ATLAS and CMS direct my,, measurements. The results
are compared with the LHC and Tevatron+LHC my,, combinations. For each mea-
surement, the statistical uncertainty includes the jet scale factor (JSF) and b-jet scale
factor (bJSF) contributions (when applicable), while the sum of the remaining system-
atic uncertainties is reported separately. The JSF and bJSF contributions are statistical
in nature and apply to analyses performing in-situ (top quark pair based) jet energy
calibration procedures.
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1.2. TOP QUARK PHYSICS

o Helicity of the W boson in top quark decay: the SM implies that the top
quark has the same V-A charged-current weak interaction as all the other fermions
(see Section 1.1.3):

, 1
—Z%V}W%(l — ) (1.41)
where Vj;, is the CKM matrix element. Due to angular momentum conservation,
the W boson from the ¢ decay cannot have right-handed (RH) helicity (see Figure
1.11). If the W boson were RH, then the component of total angular momentum

l’b l‘h 1‘!)

| o t @ ? @

b Lk

Figure 1.11: In order from left to right: longitudinal W-boson case (left), left-handed
W-boson case (center) and forbidden right-handed W-boson case (right).

along the decay axis would be +3/2, but the initial ¢ quark has spin angular
momentum +1/2 along this axis, so this decay is forbidden by conservation of
angular momentum. The t prefers to decay into left-handed (LH) W boson with a
branching ratio of 0.7.

e Spin correlation in strong ¢t production: on average, the top quark decays
before there is time for its spin to be depolarized in the strong interaction. The top
quark polarization is directly observable via the angular distribution of its decay
products. The spins of the ¢ and ¢ are correlated in ¢ production processes even if
the tops are not polarized in the ¢t production. This correlation can be measured
and SM predictions can be tested. Another interesting motivation for the study
of this property is the detection of the entanglement between the spins of ¢t pairs,
that represents the first possibility of entanglement detection in a pair of quarks,
and also the entanglement observation at the highest energy scale so far. This
entanglement can be observed by direct measurement of the angular separation
between the leptons arising from the decay of the ¢t pair.

e Yukawa coupling: Yukawa coupling of the Higgs boson with the top quark is

defined as:
. \/imt
W

Yt (1.42)
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1.2. TOP QUARK PHYSICS

where v &~ 246 GeV is the vacuum expectation energy. The value of this coupling
is very close to unity. This value leads to numerous speculations related to new
physics that can be accessed with the study of the top quark.

1.2.3 Impacts of top quark in SM and BSM physics

Precise measurements of top quark parameters are fundamental to constrain BSM physics.
First of all, the mass of the top quark, m, , is one of the most interesting parameters. It
plays a central role in the SM, since the top quark participates to radiative corrections
of higher order for the bosonic propagator and, for example, it modifies the mass of the
W (see Figure 1.12). The theoretical prediction of my, is [33]:

4

Figure 1.12: Radiative corrections from the top quark of higher order for the bosonic
propagator of W.

m2 o TOEM 1
W VG sin Oy 1 — Ar

where agys, Gr and 6y have been already defined in previous sections and Ar can be
approximated with:

(1.43)

Ap
tan? Oy
where the first term is the running of the strong coupling constant a, and the second
one represents the one-loop corrections [34]. Then:

Ar ~ Apy —

~ 3% (1.44)

P 8v/272
As mentioned in Figure 1.9, the top quark mass depends on the coupling to the Higgs

boson through loops with H; therefore, a combined measurement of my, and m; can
constrain the possible values of my:

(1.45)

Amy oc Am? (1.46)
Amyy o< log Am?,; (1.47)
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1.2. TOP QUARK PHYSICS

or, having discovered the Higgs boson, test the global consistency of the SM. Measuring
accurately my vs m; provides a test of the stability of the vacuum state of the SM and
the ultimate fate of our Universe. Present estimates suggest that we're in a region of
meta-stability, with important cosmological limitations, but in a time far larger than
the present age of the Universe. See Figure 1.13 for a graphical representation of this
problem [35].

= 180 . r =
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Higgs mass Mj, in GeV Higgs mass M), in GeV

Figure 1.13: Regions of absolute stability, meta-stability and instability of the SM vac-
uum in the m; vs my, (Higgs boson mass) plane. The gray areas denote the allowed
region at 1, 2, and 3 o [35].

1.2.4 Top quark production cross-sections

Another fundamental quantity measured from the top physics is the cross-section o of
the production processes involving the top quark itself. For example, the cross section
of tt production process at the LHC, that will be discussed in Section 2.1, is given by:

0@%@=Z/Mﬂ%ﬁ/@ﬂ%ﬁ%@ﬁm) (1.48)
,J

where the sum is extended over partons ¢ and j, f are the parton density functions
(PDFs) of light quarks and gluons, # is the momentum fraction, § is the center-of-
mass energy of partons and & is the partonic cross-section. A representative Feynman
diagram is illustrated in Figure 1.14, this is only one of the possible diagrams at LO.
The cross-section depends on the mass of the top and on the factorization scale p,
because calculations are carried on some finite order. Measurements of a cross-section
are fundamental to extract useful constraints to some theory parameters. For example,
in this case, a constraint on the PDFs is provided and also a determination of a, and
my; but also a characterization of the soft radiation, in production and decay, and a
constrain on parton shower and hadronization models is provided [36].
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R
gyyyyv \\t

Figure 1.14: Production of ¢t pair at the LHC, through gluon-gluon fusion.

However, to make more realistic comparisons with theoretical models it is important to
measure differential cross-sections. These cross-sections are measured at two possible
levels:

o Particle level: Refers to quantities that can be directly measured in the detector,
including simultaneous observations of particles.

o Parton level: Refers to the intrinsic kinematic properties of the produced top
quarks, as predicted by the underlying theoretical model.

These cross sections are always measured as a function of one or more variables. De-
viations from the model prediction could spot the presence of possible BSM physics
hints.

Top quark production and decay processes are also important to measure three pa-
rameters of the CKM matrix, namely |Viq|, |Vis| and [Vip].
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At the LHC, the top quark is produced mainly through gluon-gluon fusion, giving tt
pair (see Figure 1.14); but there is also the possibility to be produced singly, with an
associated W boson and a b quark. The latter is a rarer process than the previous one. It
happens that at next-to-leading order (NLO) in QCD the two previous mentioned pro-
cesses quantum-mechanically interfere and this interference may provide important con-
tributions to other SM and BSM physics processes. In particular, several BSM searches
have developed selections that are enriched in tW events in the interference region (see
Section 1.2.3). So, the spread in model prediction for this process is large and this results
in large systematic uncertainties [37]. The production process given by tt +tWb is called
WbWb, it also includes non resonant di-boson and two b-quark production, as explained
below.

Better knowledge on the interference is also useful to discriminate among triple Higgs
boson vertices like ttH and tWH or tty and tW~. The latter is important because
tty probes ty coupling and is sensitive to anomalous dipole-moment and Effective Field
Theory (EFT) operators.

To account for the interference process and avoid double counting when simulating ¢t
and tW samples, two main approaches are generally used. The first approach involves
studying tW at NLO and ¢t at LO using removal techniques (as explained in Section
2.3). The second approach focuses directly on the study or measurement of the WbWb
final state, treating it as a combined process that includes contributions from both ¢t
and tW without attempting to separate them.
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2.1. THE TT TOP PAIR PRODUCTION PROCESS

2.1 The ¢t top pair production process

The top quark is currently studied at CERN by the two experiments ATLAS and CMS.
At LHC, the dominant mechanism for the production of a top quark through a pair of
tt is the gluon-gluon fusion. The relative contributions to this production at LHC are:

B(qq — tt) < 20% (2.1)
B(gg — tt) > 80%

The first process was the dominant one at Tevatron. In Figure 1.14 a LO diagram for
the top pair-production is shown, while in Figure 2.1 the dominant contributing diagram
is given. The tt production is described by perturbative QCD: in this approach a hard

g 999900000000 ——Pp———— ¢

g\wmwﬁlﬂ/ﬂ—d—t

Figure 2.1: LO dominant diagram for the tf production process through gluon-gluon
fusion at the LHC.

scattering process between two hadrons is the result of an interaction between the quarks
and the gluons, which are the constituents of the incoming hadrons. The incoming proton
provides broad band beams of partons carrying fractions x of the momentum of the parent
hadron. Perturbative expansions of the calculations related to the partonic cross section
(see Eq. 1.48) are fundamental to get more sensitivity on important parameters when
comparing data with theoretical models. In higher order calculations infinites such as
ultraviolet divergences appear; they are removed by the renormalization procedure.

To produce a top-quark pair at rest, it is required a minimum amount of center-of-
mass energy:

5> 4m? (2.3)
and therefore: 4
3 m;

=2 2.4

Lilj S S (2.4)

Setting z; = x; = x one gets the result shown in Eq. 2.5.
If we consider the ratio between the mass of the top m; and the energy of the proton
E, in the collision:

my
min = — =~ 0.043 2.5
i = (2.5)
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with E, ~ 6500 GeV, we see that z,,;, is quite small and therefore gluon PDF dominates
(see Figure 2.2). The production rate for /s = 13 TeV and £ ~ 1x 103 cm~2s7! is about

1F

09 N g!10 ]
Tk xf(xu2=10" GeV?)3
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0 el L1 11111 A%
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Figure 2.2: The NNPDF3.1 NNLO PDFs, evaluated at u? = 10*GeV? [38].
1 Hz, giving a production cross-section of ¢3¢V ~ 8 x 107** cm?. This is equivalent to
the production of 2 million tf events per month, when LHC is on.

An accurate calculation of this cross-section is a necessary ingredient for the mea-
surement of the |Vj,| element of the CKM matrix since ¢t production is an important
background for the EW single-top production. More importantly, this cross-section is
sensitive to new physics in top quark production and decay.

Given that the top quark decays almost 100% of the times into a W boson and a
b-quark, typical final states for the pair-production process can be divided into three
classes:

tt— WHOW=b— qGbq § b (2.6)
tt — WTbIW™b — ¢ blinb + lubgq b (2.7)
tt — WHoW b — luybl v,b (2.8)

where the branching ratios are respectively: 46.2%, 43.5% and 10.3% [9]. The three
processes are referred to as the all hadronic, semileptonic and di-leptonic channels, re-
spectively. The [ refers to e, p or 7, but most of the results to date rely on e and p
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channels. The initial and final states can also radiate gluons that can be detected as
additional jets.

Recent summary plots for ¢t production cross-section measurements done at LHC and
Tevatron are shown in Figures 2.3 and 2.4.
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Figure 2.3: Summary of LHC and Tevatron measurements of the tt-pair production
cross-section as a function of the centre-of-mass energy compared to the NNLO QCD
calculation complemented with NNLL resummation (top++2.0 [39]). The theory band
represents uncertainties due to renormalization and factorization scale, parton density
functions and the strong coupling. The measurements and the theory calculation are
quoted at myop, = 172.5 GeV. Measurements made at the same centre-of-mass energy are
slightly offset for clarity. [40].
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Figure 2.4: Summary of measurements of the ¢{-pair production cross-section at 13 TeV
compared to the exact NNLO QCD calculation complemented with NNLL resummation
(top++2.0). The theory band represents uncertainties due to renormalization and fac-
torization scale, parton density functions and the strong coupling. The measurements
and the theory calculation are quoted at myo, = 172.5 GeV.
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2.2. THE TW SINGLE TOP PRODUCTION PROCESS

2.2 The tIV single top production process

The best way to study the properties of the tWb vertex and to directly measure the |V,
matrix element at the LHC is via the measurement of the EW single-top quark production
(see Figure 2.5 for the Feynman diagram for this process at LO). Measurements of the

Figure 2.5: Wt channel single-top production process at the LHC at LO.

process cross-section are proportional to |Vi|2g% (tb). The large production rate at the
LHC allows a measurement of the matrix element with negligible statistical uncertainty;,
differently from what happens in other channels.

There are two approaches to treat the single-top production at the NLO. In the 5
flavor scheme (5F) a massless b-quark contributes to the proton PDF and therefore
b-initiated diagrams contribute at the lowest order in the calculation (see Eq. 2.9 and
Figure 2.6b). In the 4 flavor scheme (4F) the b-quark is treated as massive and the
initial-state b-quarks result from gluons via explicit g — bb splittings (see Eq. 2.10 and
Figure 2.6a) [41]. The two processes are represented by the following equations:

w

~ A NL
f N

b b

(a) 4 flavor scheme diagram. (b) 5 flavor scheme diagram.

Figure 2.6: Example of NLO diagram contributions to the tWb single-top production.
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gb— W-WTh (2.9)
g9 — W~ Wbb (2.10)

The presence of a single b-jet at LO represents a clearly distinctive feature with respect
to the ¢t decay, but this separation ceases to exist beyond the LO, since the ¢t process
enters also the NLO corrections to tW production. This will be deeply explained later
in Section 2.3.

Let’s start from the Born Level computation of the cross-section at LO. In this treat-
ment all the quarks are taken as massless, including the b quark. The o can be written
as:

do® = M dg, (2.11)

where d¢, is the two-body final state phase space and M@ is the Born-level matrix

element, defined as:
11 1 g3 2
MO = —Z 2| A0 2.12
2saN(N2 —1)% 3 [A®] (2.12)
with: g5 and g respectively the strong and weak coupling constants, s squared center-
of-mass energy, N number of colors and A® spin-number Born-level matrix element
[42].
To get a NLO description of the process, it is necessary to introduce two kind of
corrections:

e Virtual corrections: in this case one-loop virtual diagrams in d = 4 — 2¢ di-
mensions are calculated. Virtual corrections are Laurent series in the parameter €
with different poles and singularities. To solve the problem, some quantities as the
strong coupling g, and the top mass m; are renormalized providing a contribution
to the amplitude from the expansion of the renormalized top quark propagator,
where there are terms proportional to the Born amplitude A® and the modified
amplitude A involving the squared top quark propagator. Therefore, in terms
of the finite reminder the cross-section receives the contribution:

dogy = (6my) piniedo @ (AQATD 4 AW ALTO)), (2.13)

» Real corrections: for this correction, the matrix elements are computed by the
fictitious W boson decays:

W(q) = Q(p) + bs(gs) + 9a(aa) + g5(a5) (2.14)
Wi(g) — Q(p) + bs(gs) + ba(gs) + bs(gs) (2.15)
where () denotes generally the only quark with mass different from zero. This
corrections come from gluon-radiation and initial-gluon diagrams. In particular,

for gluon radiation:
o’ =0l + ol + 0%, (2.16)
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2.2. THE TW SINGLE TOP PRODUCTION PROCESS

where the three terms are respectively contributions from: soft, collinear and non
collinear regions [43].

For the initial gluon process:
o' =o' + chgm (2.17)
the two terms represent the contributions in the collinear and non-collinear regions.

Finally, it’s necessary to construct a Monte Carlo (MC) subtraction term for the matching
of the NLO computation with event generators. MC subtraction terms can be written

as:
do| e = Z Z Z do ™" e (2.18)
A L l

where ¢ indicates the different partonic subprocesses, L labels the parton leg from which
the parton is emitted and [ runs over different color structures. There are also short-
distance contributions that have to be taken into account for the subtraction term.

See Figure 2.7 for a summary of the ATLAS and CMS collaboration measurements
of the single-top tW production cross-section at 13 TeV center-of-mass energy.
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Figure 2.7: Cross-section measurements for the associated production of a top quark and
a W boson performed by ATLAS and CMS at 13TeV, and combined result compared
with the NLO+NNLL prediction (gray bands). Statistical and total uncertainties are
represented by red and blue error bars, respectively. The uncertainties in the theoretical
prediction are represented by dark and light gray bands for renormalization / factoriza-
tion scale and PDF (evaluated using MSTW2008), respectively [44].
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2.3 The quantum interference between tt and (Wb
processes
At LO, in the 5 FS, the tW process is represented by the following process:
bg — tW (2.19)

This process has a smaller cross-section than top-pair production by a factor of about
15. Beyond the LO, some other Feynman diagrams contribute and they produce the
same output state of a tf pair at LO, see Figure 2.8 for an example of this kind of
diagrams!. Therefore, from this observations, the set of diagrams contributing to the

g e \t\ _5:2 g %Liw

g

b

(a) Doubly-resonant diagram. (b) Singly-resonant diagram.
Figure 2.8: Examples of quantum-mechanical interfering LO doubly-resonant diagram
(a) and NLO singly-resonant diagram (b).

beyong LO version of Eq. 2.19 can be divided into two subsets denoted as doubly
resonant (see Figure 2.8a) and singly resonant (see Figure 2.8b). Also non-resonant
diagrams contribute to the WbWb cross-section (see Figure 2.9), but their contribution
is negligible with respect to the others. The interference, briefly mentioned before, may
happen between these two subsets of diagrams and may be physically interpreted as
the interference between tW and tf productions [45]. This process enters only at NLO
contributions.
We introduce the notation A,g as the O(gwas) amplitude of the process:

at+pf—=t+W+0 (2.20)

where § is the parton (identified as the b-quark), that can be omitted in the notation.
The total amplitude is therefore:

(e}

Wt tt
Aws = AT+ AY) (2.21)

'From now on, only the case of top quarks produced through gluon-gluon fusion will be considered.
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W+

g b
Figure 2.9: Example of non-resonant contribution to the WbWb cross-section.

where the two terms are respectively the singly and doubly resonant contributions dia-
grams to the Wt cross-section. In the computation of the final cross-section, this term
appears in the NLO part:

2

2
[ Aas|” = ‘Aﬁfﬁv” +2Re{Al} A} + )AS? = Sup + Zop + Dag (2.22)

where the first term is associated to the singly resonant diagrams, the second term is the
quantum interference and the third term is the doubly resonant contribution.

It is important to find a way to separate out the tWW and ¢t productions and recover
a workable definition of the tW channel beyond the LO?.

When dealing with this kind of phenomena one of the most important problems to
deal with is defining the ¢t channel in a way that it is applicable in an event generator
context where both initial- and final-state parton showers are present.

One solution, called Diagram Removal (DR), is to remove from the computations the
contributions of those processes which contain doubly-resonant diagrams.

There are other methods, designed in such a way that, by comparing them, one can
directly assess the impact of the interference with ¢¢. Therefore, if the two results from
the two definitions agree we can be confident of having isolated the tWW channel. Some
of the most used methods are [42]:

« Diagram Removal (DR): where all the doubly resonant diagrams in the NLO
tW process amplitude are removed. This technique is different from the removal
of the gg initiated process, because diagrams with this initial state are kept if they
aren’t doubly-resonant.

2At LO the definition is not problematic.
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« Diagram Subtraction (DS): where NLO ¢W cross-sections are modified by im-
plementing a subtraction term designed to cancel only locally the t# contribution.

These two schemes needs to be well explained. The NLO real-emission contribution to
the subtracted short-distance partonic cross-section including the flux factor and phase

space is:
1
d6ap = 5~ (Sap +Zap + Dag) dos (2.23)

where d¢s is the three-body final state phase-space and the hat denotes that the infra-red
singularities have been subtracted. The hadroproduction cross-section resulting from the
Eq. 2.23 is:

do =do® +) " / dr1dryLosdas (2.24)

with do® that indicates the contribution to the cross-sections that are not already
included (Born, soft-virtual etc...) and L,z parton-level luminosity. But, when NLO is
matched to parton showers, the equation needs to be modified by the subtraction of MC
counterterms. It is possible to choose to absorb this terms in Sag, because is the only
piece that contains particular singularities. So the DR and DS cross sections become:

dxyd 5
do PP —da<2)+2/ 2 L 5(Sup + Tap + Dap — Dap)dos (2.25)

2x122S
doP¥) = do — do*** (2.26)
where do®** is designed to remove numerically the doubly-resonant contribution and

15a5 is defined such that D,p — 15a5 will vanish when mZ2, — m;. The DR cross-section
has the problem to be not gauge invariant, but this is not a problem in practice, by
repeating the DR calculation in a number of alternative gauges. Then, the difference
between the two Eq. 2.26 and 2.25 is:

dridx
do@S) _ Jo(DR) — 2/23}1%; 08(Zop + Dap — aﬁ)d¢3 (2.27)

that depends on the interference term and the D,g — 5043 difference.

A gauge invariant subtraction term can be found by choosing an appropriate value of
the Da/g.

Writing all this calculations in amplitudes notation we get:

|Aa5’DR |~’4 (2'28)
|Aaslhg = ‘At — B (2.29)

35



2.3. THE QUANTUM INTERFERENCE BETWEEN TT AND TW B PROCESSES

with C9U2 cross-section level subtraction term. From this equations we get:

(87

Aaslhr — [Aapl g = 2Re{ ALV A%} (2.30)

There is also another approach, called Diagram Removal 2 (DR2) in which doubly
resonant amplitudes are only included in the interference term, but it is less used with
respect to the previous ones [37].

It exists also a dedicated bb4l process simulation which will be described in Section
6.2.2.
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In December 1951 in Paris, after an intergovernmental meeting of UNESCO, was taken
the first decision about the establishment of a European Council for Nuclear Research.
Two months later, an agreement was signed, establishing the provisional council: the
acronym CERN (Conseil Européen pour la Recherche Nucléaire in French) was born.
After 18 months, the Council produced the first formal Convention. During the years,
the main research topics of CERN moved from Nuclear Physics to High Energy Physics.
Due to these reasons, its laboratory is often referred to as the European Laboratory for
Particle Physics [46].

It hosts the largest proton accelerator of the world: the LHC (Large Hadron Collider).
The latter contains four experiments, among which one of them is the ATLAS (A Toroidal
LHC ApparatuS) experiment (described in Chapter 4). See Figure 3.1.
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CMS

LHC

ALICE LHCb

Figure 3.1: A sketch showing the complete structure of the LHC facility at CERN.
There are the 4 main experiments (ATLAS, CMS, LHCb and ALICE) and the small
accelerators that feed protons into the collider (PS, SPS, LINAC 2 and Booster) [47].

3.1 The collider layout

The LHC is situated in a 27km tunnel that was constructed between 1984 and 1989
for the LEP (Large Electron-Position) collider at CERN, in Geneva. It is a two-ring-
superconducting-hadron accelerator and collider. This tunnel has 8 straight sections and
8 arcs and lies between 45m and 170 m below the surface of the Léman lake. There is a
pair of tunnels that links the LHC to the CERN complex, each of them of approximately
2.5 km.

In December 1994, the CERN Council approved the LHC project. After exactly 2
years, in 1996, the Council approved the construction of the 14 TeV accelerator.

The previous accelerator (the LEP) needed almost 344 superconducting RF cavities,
due to the high energy loss for radiation, caused by the small mass of the electron-positron
(almost 500keV) used as beam component:

1
m*

Eloss o (3.1)

LHC collides protons that have masses of almost 103 times larger than the one of the
electrons, so it needs only 8 superconducting RF cavities [48].

The collider contains two adjacent parallel beam pipes, separated by 194 mm, where
beams circulate in opposite directions. The two pipes intersect only at four interaction
points, where four experiments have been placed to detect particles produced in the
collisions (see Figure 3.2). These experiments are:
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&Jeam1 beam%

ALICE LHCb

Figure 3.2: Minimal layout of the LHC structure: there are 8 interaction points (IPs)
in total, which only 4 of them host the detectors (ATLAS, CMS, ALICE and LHCb).

Beam 1 and beam 2 are circulating in opposite direction [49].

o ATLAS (A Toroidal LHC ApparatuS): designed for “general purposes” in particle
physics.

o CMS (Compact Muon Solenoid): designed for purposes similar to ATLAS.

o LHCD (Large Hadron Collider beauty): dedicated to bottom quark physics and CP
violation studies.

o ALICE (A Large Ion Collider Ezperiment): is dedicated to the study of collisions
of heavy ions (Pb-Pb collisions), for quark-gluon plasma studies.

Proton or heavy-ion beams circulate along the LHC ring inside vacuum tubes, “driven”
by magnets. The vertical magnetic field in the dipoles curves the beams by the Lorentz
force and keeps them on a circular trajectory. To maintain in orbit these high energy
beams, superconducting magnets are used, cooled by a huge cryogenic system.

3.2 Luminosity

A very important quantity in colliders is the luminosity. The instantaneous luminos-
ity L is defined as the ratio between the rate of produced events R and the cross-section
of the considered process, o:

L="= (3.2)

g
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Units of measurement are cm~2s~!. The instantaneous luminosity depends on beam
properties:
N 27’Lb
L= P—M F (3.3)
dme, B*

where N, is the number of protons, n; is the number of bunches per beam, f is the
revolution frequency, v = E/m is the relativistic factor (E is the energy), €, is the
normalized beam emittance, 5* is the beam beta function or focal length at the collision
point and F'is the luminosity reduction factor due to the crossing angle at the interaction
point (IP). The latter is defined as:

F= <1 + 900Z> (3.4)

204y

where 0. is the beam crossing angle and o, and o, are the longitudinal and transverse
RMS beam sizes at the interaction point.
ATLAS is one of the highest luminosity experiments at the LHC and aims at a peak
luminosity of:

L£=1x10* cm %! (3.5)

The high beam intensity required for such a high luminosity excludes the use of anti-
proton beams and hence exclude the particle-antiparticle (pp) collision in this case. The
LHC is designed as a proton-proton (or ion) collider, with separate magnetic fields and
vacuum chambers in the main arcs and with common sections only in the regions in
which the detector lies. The two beams share a 130m long common beam pipe along
the interaction points.

The number of circulating protons (N,) is usually of the order of O(10'"). Together
with the large number of bunches (n;), that corresponds to &~ 2808 for each proton
beam, and a nominal bunch spacing of 25 ns, other nominal parameter values are: N, =
1.1 x 10" (particles per bunch), f = 11.2kHz, €, = 3.75 um, 5* = 0.55m, 0, = 285 urad,
Oy = 16.7pm and o, = 7.55 cm.

The peak beam energy depends on the integrated dipole field around the storage
ring, which implies a peak dipole field of 8.33 T for the 7 TeV in the LHC and the use of
superconducting magnet technology.

Another very important parameter is the luminosity integrated in time (T), de-
fined as the ratio of the number of events N produced at a rate R with a certain cross

section o: ’
N
L= L dt = — 3.6
| ea-5 (3.

which is measured in fb~'. LHC delivered an integrated luminosity of 5.6fb™! of pp
collision data at the CM energy of 7TeV in 2010 and 2011. In 2012 the energy was
increased up to 8 TeV and the LHC luminosity was upgraded significantly; in that period
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ATLAS recorded an amount of luminosity around 14.3fb™" [50]. During the Run-2
period, from 2015 to 2018, at a CM energy of 13TeV, it collected a total integrated
luminosity of 140 fb™!. In Figure 3.3 the total integrated luminosities collected by ATLAS
and the recorded luminosities in function of the number of interactions per crossing of
each year of Run-2 are shown.
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Figure 3.3: Figure (a): total integrated luminosity collected by ATLAS in Run-2. Figure
(b): recorded luminosity as a function of the number of interactions per crossing in each
year of Run-2 [51].

3.3 Magnets

The LHC relies on superconducting magnets, that are at the edge of the present
technology. It makes use of the well-proven technology based on NbTi Rutherford cables
and cools the magnets to a temperature below 2 K, with superfluid He operating at mag-
netic fields above 8 T. Such a reduced temperature leads to a significant reduction of the
heat capacity of the cable by almost an order of magnitude, therefore the energy deposit
that can trigger a quench! is substantially reduced. This means that the temperature
margin must be larger and is needed a tight control of movements and heat dissipation
inside cables. Due to the increasing of the electromagnetic forces (that increase with
the square of the magnetic field), the structure retaining the conductor motion must be
stronger than the previous designs.

The major part of the LHC magnets adopt the so called “two-in-one” structure: the
windings for the two beam channels lie in a common cold mass and cryostat, with

LA quench is an abnormal termination of magnet operation that occurs when part of the supercon-
ducting coil enters the normal resistive state.
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magnetic flux circulating in the opposite sense through the two channels. A cross-
section of one of the LHC magnet with its components is shown in Figure 3.4. In this

Figure 3.4: Cross-section of an LHC magnet. It consists of the following parts: (1) heat
exchanger pipe, (2) superconducting busbars, (3) superconducting coils, (4) beam screen,
(5) vacuum vessel, (6) radiation screen, (7) shrinking cylinder, (8) thermal shield, (9)
non magnetic collars and (10) iron yoke [52].

configuration there are O(1000) dipoles to guide the beam and O(400) quadrupoles to
focus it. Dipole magnets are done by copper-clad steel (CCS) with cables of NbTi, as
mentioned above. For a 8 T field a O(1200) Ampere current and a 2 in 1 magnet design
are required.

3.4 Beam injection and acceleration

The injection of particle beams into the LHC is performed in the injection insertions,
that are the IP2 and IP8 (see Figure 3.2). In both the insertions, the beam approaches
the LHC from outside and below the machine plane. Then, a series of dipoles direct
the beam in the injection line towards five magnets, which deflect the beam horizontally
by 12mrad under the outer ring. A series of four kicker magnets deflects the beam
vertically by 0.85 mrad onto the closed orbit. It is also used an injection beam stopper
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(TDI) placed 15m upstream of the superconducting recombination dipole, supplemented
by an additional shielding element in a way to facilitate the procedure and to protect
the collider in case of problems related to kickers. To complete the protection, also two
collimators are used. The geometrical layout is very similar for both the IP regions,
however optics vary between them, due to displaced interaction point in IPS.

Protons at the LHC are provided from the following injectors: Linac2, PSB (Proton
Synchrotron Booster or simply Booster), PS (Proton Synchrotron) and SPS (Super
Proton Synchrotron); see Figure 3.1 for their representation in the LHC structure. This
accelerators have been upgraded to satisfy all the LHC requirements (see Section 3.2).
There are many conditions that have to be satisfied for the beam, the most important
are:

e Beam emittance? has to fit the small aperture of the LHC superconducting mag-
nets.

o Beam intensity has to be limited by the synchrotron radiation which is absorbed
by the cryogenic system.

e Spread in betatron tunes caused by the beam-beam effect during beams collision
needs to be kept under control.

e Space-charge limits in the injector have to be respected.

The intensity that SPS is able to accelerate (almost 4 x 103 protons per cycle) limits
the number of PS pulses per SPS cycle to a maximum of 4. The momentum spread
acceptance of the PS-SPS line is about +0.2% in Ap/p and the total bunch lenght
has to be below 4ns to fit the SPS accelerating system. This last requirement implies
a longitudinal emittance of 0.35eV per PS bunch. During the SPS acceleration, the
longitudinal emittance is increased up to 1eV.

PSB is composed by 4 rings, all them are normally ejected and sequentially transferred
to fill the PS in one go, for example, for the SPS beam with two bunches per ring [54].

2Beam emittance is defined as the area covered by the beam. There can be both horizontal and
vertical beam emittance [53].

43



Chapter 4

The ATLAS detector

4.1
4.2
4.3
4.4
4.5
4.6

Detector reference frame and requirements . . . . . . .. . ... ... .. 46
Magnet system . . . .. ..o Lo 49
Tracking system . . . . . . . . ..o 50
Calorimetry . . . . . . . . . 51
Muon spectrometer . . . . . .. ..o 53
Trigger and DAQ system . . . . . . . . ... Lo 54

As mentioned at the beginning of Chapter 3, the LHC hosts 4 big experiments which one
of them is the ATLAS experiment. ATLAS is a multipurpose detector, built for probing
proton-proton collisions at very high energies [55]. It is forward-backward symmetric
with respect to the interaction point. Its main sub-components are:

Magnetic System (Section 4.2).
Tracking system (Section 4.3).

Electromagnetic and hadronic calorimeters (Section 4.4).

« Muon spectrometer (Section 4.5).

It contains also an inner solenoid, an outer toroidal magnetic field and trigger, readout,
DAQ (Data Acquisition) and control Systems (Section 4.6). Its dimensions are 25m in
height and 44 m in length. The weight of the whole detector is almost 7000t (see Figure
4.1). It is located at almost 100 m underground at IP1 of the LHC ring (see Figure 3.2).
In addition to the main just mentioned components, there are also three smaller sets
of detectors with the purpose of providing a good coverage in the forward region; from
here, the name forward detectors. They are:
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forward calorimeters
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Figure 4.1: View of the main components of the ATLAS detector. The dimensions
are 25m in height x 44 m in length. It is composed by: muon chambers, toroid mag-
nets, solenoid magnet, tracker system (pixel detector, semiconductor tracker and transi-
tion radiation tracker), liquid Argon electromagnetic and hadronic calorimeters and tile
calorimeters [56].
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o LUCID (LUminosity measurement using Cherenkov Integrating Detector): it is a
Cherenkov detector.

o ZDC (Zero Degree Calorimeter): located at £140 m from the IP. It detects forward
neutrons in heavy-ion collisions.

o ALFA (Absolute Luminosity For ATLAS): it consists of scintillating-fibre trackers
located at a distance of 240 m from the IP. It is dedicated to total cross-section
measurement.

Also additional proton-tagging detectors are considered at an even greater distance from
the IP of about £420 m.

4.1 Detector reference frame and requirements

In ATLAS a right-handed Cartesian reference frame is used. Collisions are pro-
duced in the origin, centered in the interaction point:

o The horizontal x-axis is pointing towards the center of the LHC ring.
e The vertical y-axis is pointing upwards.
o The z-axis is tangent to the beam line.

The x-y plane, orthogonal to the beam pipe, is called the transverse plane while the
z-axis direction is called longitudinal plane. Due to the cylindrical symmetry polar
coordinates can be used (see Figure 4.2 for a graphical representation):

o 7 is the distance from the interaction point, in the transverse plane x-y:
=22+ 1y (4.1)

e ¢ is the azimuthal angle, measured from the x-axis in the transverse plane and
takes value from —m to +.

o 6 is the polar angle, measured from the z-axis in the longitudinal plane z-y and
takes values from 0 to +.

Most used variables are:

e The transverse momentum pr = |p]sinf. “Invisible” particles that escape along
the beam pipe have pr ~ 0, so they are out of acceptance. The “visible” pr is
conserved (D . pi; ~ 0). However p and 6 are not Lorentz invariant along z.
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Figure 4.2: Graphical representation of the right-handed Cartesian reference frame: the
x-axis is pointing towards the center of the LHC, the y-axis is pointing upwards and the
z-axis is tangent to the beam line. The angles ¢ and 6 are respectively the azimuthal
angle from the x-axis in the transverse plane and the polar angle measured from the z-
axis in the x-y longitudinal plane. Furthermore, p'is the momentum and pr its transverse
component.

o The rapidity y:
. 1l E+p., 11 1+ Bcos
= —In = n——
Y73 E—p, 2 1—[cosf

(4.2)
« The pseudo-rapidity 7, which for 5 — 1 (m << p;):

0= —In <tan g) (4.3)

It is commonly used to describe the relative angle between a particle and the
beam axis. Forward direction refers to the region which is close to the beam axis,
corresponding to high values of |n| (see Figure 4.3).

The Ay and A¢ are invariant for Lorentz boosts along z-axis. The pseudo-rapidity is
useful also to describe the angular distance between 2 particles:

AR = \/An? + A¢? (4.4)
Global requirements that ATLAS must satisfy for the LHC collider are:

o Fast, radiation-hard electronics and sensor elements. High detector granularity® is
needed to handle the particle fluxes and to reduce the overlapping of events.

o Large acceptance in pseudo-rapidity with almost full azimuthal angle coverage.

!The granularity is defined as how much is sensitive the detector for unit cell (related to the tracker).
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Figure 4.3: Pseudo-rapidity as a function of the polar angle 6.

e Good resolution for charged-particle momentum and efficiency in the tracking sys-
tem.

o Very good electromagnetic calorimetry for electron and photon identification, com-
plemented by an hadronic calorimetry for jets and missing transverse energy mea-
surements.

e Good muon identification and momentum resolution and the ability to determine
unambiguously the charge of high p;y muons.

o Excellent trigger system for low transverse momentum objects with a good back-
ground rejection.

Electromagnetic calorimeters cover the pseudo-rapidity range |n| < 3.2. The hadronic
calorimetry covers the range |n| < 1.7 and |n| > 1.5, matching the outer limits of end-
cap electromagnetic calorimeters. The forward calorimeters provide both electromagnetic
and hadronic energy measurements and extend the pseudo-rapidity to |n| = 4.9. General
performance goals of the ATLAS detector are shown in Table 4.1.
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Detector Component Required Resolution 7 coverage
Measurement Trigger

Tracking Opr /P = 0.05% pr & 1% +2.5
EM Calorimetry og/E =10%/VE ®0.7% +3.2 +2.5
Hadronic Calorimetry (jets)

barrel and end-cap op/E = 50%/VE ® 3% +3.2 +3.2

forward op/E=100%/VE ®10% 31<|p <49 31<|n <49
Muon Spectrometer 05 /Pr = 10% at pr = 1TeV +2.7 +2.4

Table 4.1: General performance goals of the ATLAS detector: the required resolution
and the n coverage (for measurement and trigger) of each main component of the ATLAS
experiment are shown.

4.2 Magnet system

The ATLAS unique hybrid magnet system is composed by 4 superconducting mag-
nets. The dimensions of the system are 22m in diameter for 26 m in lenght, with a
stored energy of 1.6 GJ. Superconducting magnets provide a magnetic field over a total
volume of almost 12000 m?3. This is defined as the region in which the field exceeds, with
an intensity of 50 mT. The system is composed mainly by:

o A solenoid: it is aligned on the beam axis and provides an axial magnetic field of
2T for the inner tracker and minimize the radiative thickness in front of the barrel
electromagnetic calorimeter.

o A barrel toroid and two end-cap toroids: they provide a total toroidal mag-
netic field of 0.5 T and 1T for the muon detector, respectively in the central and
end-cap regions. Each end cap toroid contains eight racetrack coils, mounted as a
single cold mass in a cryostat vessel of approximately 10 m diameter [57].

A brief representation of the position of the magnets in the detector is shown in Figure
4.1. A more representative geometry of the magnet system is shown in Figure 4.4.
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end-cap
toroids

barrel ——_
toroids

end-cap

toroids solenoid

Figure 4.4: Geometrical representation of the magnet system. It is formed by: barrel
toroids, solenoid and two end-cap toroids. The eight barrel toroid coils with the end-cap
coils interleaved are visible. The solenoid winding lies inside the calorimeter volume [58].

4.3 Tracking system

The Inner Detector (/D) constitutes an important part of the tracking system of AT-
LAS. Its purpose is to reconstruct charged particles tracks and vertices (its tracking
measurements are in a range matched by precision measurements of the electromagnetic
calorimeter) and to measure their momentum, which must lie above a given value of the
transverse momentum and within the pseudo-rapidity range |n| < 2.5. Its dimensions are
2.1m in height and 6.2 m in lenght. It consists of three types of sub-detectors: Pixel De-
tector, Semiconductor Tracker (SCT) and Transition Radiation Tracker (TRT)
(see Figure 4.5). All the sub-detectors are contained within a cylindrical envelope of
3512mm lenght and radius 1150 mm in the barrel region. While, in the end-cap regions
they’re located on disks perpendicular to the beam axis. This setup is surrounded by a
magnetic field of 2T.

The Pixel Detector is the one with the highest granularity and is situated very close
to the interaction point. It has 1744 modules that are arranged in three barrel layers
and two end-caps each with three disk layers. Its intrinsic spatial resolution? is 10 pm in
R — ¢ and 115pm in z. All pixel sensors are identical and have a minimum pixel size in
R — ¢ x z of 50 x 400 pm.

The Semiconductor Tracker is a silicon detector with microstrips which surrounds the
Pixel Detector layers. It provides 8 measurements per track with resolution of 16 pm in
R — ¢ and 580 nm in z. It consists of 4088 modules tiling four coaxial cylindrical layers
in the barrel region and two end-caps each containing nine disk layers.

The TRT is the outermost and provides typically more than 30 hits per track. It
has a very good pattern recognition and contributes also to particle identification. It
is composed by gaseous counter, filled with Xe, COy and O, mixtures. It contains up
to 73 layers of tubes interleaved with fibres and 160 straw planes interleaved with foils

2Pixel layers are segmented in R — ¢ and z with typically three pixel layers crossed by each track.
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21m

End-cap semiconductor tracker

Figure 4.5: Layout of the ATLAS Inner Detector. It is formed by: semiconductor tracker,
transition radiation tracker and pixel detectors.

(end-cap), which provide transition radiation for electron identification.

Tracks above a given pr threshold are reconstructed offline within the full accep-
tance range |n| < 2.5 of the whole Inner Detector, using multi-stage track identification
algorithms.

4.4 Calorimetry

ATLAS has an electromagnetic (EM) and an hadronic (HAD) calorimeters. EM
calorimeter is divided into a barrel part and two end-cap components; instead HAD
calorimeter is composed by tile, end-cap and forward calorimeter regions (see Figure
4.6). All them cover the range |n| < 4.9 using different techniques, related to the physics
processes. Over the 1 region matched to the inner detector, the EM calorimeter fits
ideally for the measurements of electrons and photons. The rest of the calorimeter is
useful for the reconstruction of the jets topology and the measurement of the missing
transverse energy NS,

The main purpose of calorimeters is to contain electromagnetic and hadronic showers;
this implies that the depth is a very important parameter. The total thickness of the EM
calorimeter is more than 22 X, (radiation lengths) in the barrel with 9.7 X interaction
lengths and more than 24 X, in the end-caps, with 10 interaction lengths. The total
thickness is 11 A at n = 0.

As mentioned before, the EM calorimeter has a barrel part, that covers the region
In| < 1.475 and two end-cap components, covering the region 1.375 < |n| < 3.2. The

51



4.4. CALORIMETRY
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Figure 4.6: "Cut-away” view of the ATLAS calorimetry. EM calorimeter is divided into
a barrel part and two end-caps components. HAD calorimeter is composed by tile, end-
cap and forward calorimeter regions [59].

central solenoid is in front of the EM calorimeter. As a consequence, the latter and the
calorimeter share a common vacuum vessel. The barrel EM calorimeter is composed
by two coaxial wheels: an outer wheel that covers the region 1.375 < |n| < 2.5 and an
inner one for the region 2.5 < |n| < 3.2. Over the region devoted to precision physics
(In] < 2.5) the whole calorimeter is segmented into three sections in depth. Regarding
the end-cap inner wheel, the calorimeter is segmented into two sections in depth. In the
region |n| < 1.8 a pre-sampler detector is used; it consists of an active layer of LAr, which
is used to absorb the energy lost by electrons and photons upstream the calorimeter.
HAD calorimeter is composed by:

o Tile calorimeter: placed directly outside the EM calorimeter envelope. It has
a barrel that covers the region || < 1.0 and two extended barrels in the range
0.8 < |n| < 1.7. It is a sampling calorimeter which uses steel as absorber and
scintillating tiles as active material. The tile calorimeter extends radially from an
inner radius of 2.28 m to an outer one of 4.25m. It is segmented into three layers
of approximately 1.5, 4.1 and 1.8 A for the barrel and 1.5, 2.6 and 9.7 X at n = 0.

o LAr hadronic end-cap calorimeter: it consists of two wheels per end-cap which
are located behind the EM calorimeter. It extends out to |n| = 3.2 to reduce the
transition between the end-cap and the forward calorimeter, which lies at |n| = 3.1.
It overlaps also the tile calorimeter (|n| < 1.7) by extending up to || = 1.5. The
wheels closest to the interaction point are built from 25 mm parallel copper plates,
each of them with an outer radius of 2.03 m; while those further away use 50 mm
copper plates, with an inner radius of 0.475 m.

o LAr forward calorimeter: provides coverage in the region 3.1 < |n| < 4.9
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[60].It is integrated into the end-cap cryostats and provides benefits in terms of
the calorimetric coverage, by reducing radiation background levels in the muon
spectrometer. It has approximately 10 A depth and consists of three modules in
each end-cap: one, in copper, is for electromagnetic measurements, while the other
two, in tungsten, are for the measurement of the hadronic interaction energy.

4.5 Muon spectrometer

The muon spectrometer of the ATLAS detector is composed by the following sub-
detectors: monitored drift tubes (MDTs), cathode strip chambers (CSC), re-
sistive plate chambers (RPCs) and thin gap chambers (7'GCs). See Figure 4.7 for
a cut-away view of the sub-detector. This detector is based on the magnetic deflection

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

Barrel toroid

Resistive-plate
chambers (RPC)

/ End-cap toroid
Monitored drift tubes (MDT)

Figure 4.7: Cut-away view of the ATLAS muon spectrometer. The spectrometer is
composed by: monitored drift tubes (MDTs), cathode strip chambers (CSC), resistive
plate chambers (RPCs) and thin gap chambers (TGCs). It has also a barrel and an
end-cap toroid. Its dimensions are 24 m in diameter by 44 m in length.

of muon tracks in the large superconducting air-core toroid magnets, instrumented with

separate trigger and high-precision tracking chambers in which is is ensured a three-point
measurement of tracks [61]. Its momentum resolution is 2 — 3% at 10 —100 GeV /c and
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10% at 1TeV. The latter quantity is estimated by taking into account also the high-
level background environment, the inhomogeneous magnetic field and the large size of
the apparatus, that is 24 m in diameter and 44 m in lenght.

The barrel toroid provides a magnetic bending for |p| < 1.4. In the region 1.6 <
In| < 2.7 muon tracks are bent by two smaller end-cap magnets, inserted into both ends
of the barrel toroid, mentioned before. Finally, in the transition region 1.4 < |n| < 1.6
magnetic deflection is provided with the barrel and end-cap fields together. Thanks to
this magnet configuration, the field is orthogonal to the muon trajectories and minimizes
the degradation of resolution due to multiple scattering.

The choice of some performance parameters like the rate capability, the granularity,
the ageing properties and the radiation hardness is affected by the high level of particle
flux in the geometrical region covered.

In the barrel region, all the tracks are measured in detector chambers arranged in
three cylindrical layers around the beam axis, instead, in the transition and end-cap
regions, the chambers are situated in planes perpendicular to the beam, always in three
layers.

Precision measurement of the muon tracks in the main bending direction of the mag-
netic field are performed by the MDTs. The three stations of the RPCs provide the
trigger function, the bunch-crossing identification and the second coordinate measure-
ments in the end-cap regions. Chambers in the barrel are placed at three different radii
with respect to the beam line.

Regarding the MDTs each sense wire of the drift tubes is isolated in a way to guarantee
a reliable operation. The higher granularity CSCs in the innermost plane are used in the
region 2 < |n| < 2.7 to front the demanding rate and background conditions.

The overall performance over the large areas, in particular at highest momenta, de-
pends on the alignment of the muon chambers with respect to each other and with
respect to the overall detector. The singular muon momentum measurement needs a
precision of 30 pm on the alignment, both within each projective tower and between con-
secutive layers in immediately adjacent towers. Relative positions of the MDT chambers
are monitored by 12000 sensors. The accuracy needed for the relative positioning of non
adjacent towers to obtain a good mass resolution for multi-muon final states lies in the
range of few mm.

During my PhD I worked on the operation and performance of the RPC detector
system and my activity is reported in A.

4.6 Trigger and DAQ system

The ATLAS TDAQ (Trigger and Data Acquisition) system is responsible for online
processing and selecting and storing of the events of interest. Events are selected using a
two-stage trigger system, composed by: Level-1 (L1) and High-Level Trigger (HLT)
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steps [62]. A diagram of the whole TDAQ system is shown in Figure 4.8. The L1

Calorimeter detectors

TileCal | Muon detectors
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Figure 4.8: Block diagram of the ATLAS TDAQ system. It is possible to see the two-
stage trigger system (L1 and HLT) and the detector read-out with data flow.

trigger is an hardware-based system that uses custom electronics to trigger on reduced-
granularity information from the calorimeter and muon detectors. The L1 calorimeter
(L1Calo) trigger takes signal from the calorimeter detectors as input. The analogue
detector signals are digitized and calibrated by the preprocessor and sent in parallel
to the Cluster Processor (CP) and Jet/Energy-sum Processor (JEP). This CP system
identifies electrons, photons and 7-leptons candidates above a certain threshold, while the
JEP identifies jets candidates and produces global sums of total and missing transverse
energy (MET). Some objects with narrow clusters, such as electronics, aren’t too much
affected by small energy shifts, but the missing transverse momentum is very sensitive
to small systematic shifts in energy over the entire LAr calorimeter. These effects are
treated in the L1Calo trigger with a dedicated correction algorithm.
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The L1 muon trigger (L1Muon) uses hits from the RPCs in the barrel and TGCs in
the endcaps, in order to determine the deviation of the hit pattern from that of a muon
with infinite momentum.

The L1 trigger decision is composed by: the Central Trigger Processor (CPT),
which receives inputs from the L1Calo trigger, the L1Muon Central Trigger Processor
Interface (MUCTPI) and the L1 topological trigger (L1Topo) [63]. In this decision also
trigger signals from detector subsystems (LUCID Cherenkov for example) are considered.
The CPT is responsible for applying the dead time, which is a mechanism used to limit
the number of L1 accepts to be within constraints on the detector read-out latency.

The L1 trigger can also select events by considering event-level quantities (such as
the total energy in the calorimeter), the multiplicity of objects above thresholds (such as
the pr of a muon) and the topological requirements (invariant masses for example). The
L1 trigger accept events up to a rate of 100 MHz, down from the bunch crossing rate of
40 MHz, within a latency of 2.5 uis.

For each Ll-accepted event, the Front-End (FFE) detector electronics reads out the
event data for all detectors. Events are sent first to the ReadOut Drivers (RODs), for
the preprocessing and then to the ReadOut System (ROS) for the data buffering. The
L1 trigger defines also the so called Regions of Interest (Rol’s) in which interesting
events are selected and identified with 1 and ¢ coordinates.

After passing the first stage, selected events enter the second stage of the triggering,
which is the software-based HLT trigger. For this reconstruction sequence dedicated
fast trigger algorithms are used. These algorithms are executed on a computing farm,
composed by 40000 selection applications called Processing Units (PUs). In this selec-
tion part, in some cases, information from the full detector are requested in order to
reconstruct physics objects. The physics output rate of the HLT during an ATLAS
data-taking run is on average 1.2 kHz with an average physics throughput to permanent
storage of 1.2 GB/s.

Once the event passes the L1 and HLT, the Sub-Farm Output (SFO) sends the data to
permanent storage for offline reconstruction and exports the data to the Tier-0 facility
at CERN computing center.
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The object reconstruction is a fundamental step in particle physics analyses. It con-
sists on the reconstruction and identification of particles produced after the pp collision in
the detector. For our analysis, the most important objects we have to take into account
are electrons (described in Section 5.1) and muons (described in Section 5.2). Other
important objects are: jets (described in Section 5.3) and missing transverse enerqy Er
(described in Section 5.4). Finally in Section 5.5 the overlap removal problem is treated.

5.1 Electron reconstruction

As mentioned in Chapter 2, electrons are fundamental ingredients for the study of the
WbWb process final state, in the ee and ey channels for example. They are reconstructed
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combining EM calo and tracking information. The total efficiency for the charged elec-
tron reconstruction is given by!:

€total = €reco " €id * €iso * Etrig (51)

which depends on the reconstruction efficiency €.eco, the identification efficiency €4, the
isolation efficiency €5, and the trigger efficiency €iigeer- Only for the electrons, a factor
€eMcus Which indicates the efficiency to reconstruct in the EM calorimeter by the EM-
cluster candidates (which are localized energy deposits) associated with all produced
electrons is added.

A scale factor, defined as the ratio between data and MC predictions is used to
correct the efficiencies in the MC simulation, to match those observed in data? [64].

Electrons from the process of interest are difficult to discriminate from other large
backgrounds as misidentified hadrons, electrons from photon conversion and non-isolated
electrons originating from heavy-flavor decays. The fraction of each background event is
reduced by imposing the different ID /isolation criteria.

Electrons can lose a significant amount of their energy due to bremsstrahlung when
they interact with nuclei of the material they cross. Photons radiated through the process
may convert into an electron-positron pair that can interact with the detector material.
All this objects (positrons, electrons and photons) are usually emitted in a collimated
beam and are reconstructed as part of the same EM cluster. These interactions can
occur inside the inner tracker volume or even in the beam pipe, by generating tracks
in the inner detector, or can occur downstream of the inner tracker, by impacting the
shower only in the EMCAL. So, it is possible to produce and match multiple tracks to
the same EM cluster, all them originating from the same primary electron.

The electron reconstruction in the ATLAS precision region (|n| < 2.47) is given by
the EMCAL and the inner tracker. It is based on three components, characterizing the
signature of electrons: localized clusters of energy deposits found within the EMCAL,
charged-particle tracks identified in the inner tracker and close matching in n x ¢ space
of the tracks to the clusters to form the final electron candidates. See Figure 5.1 for a
schematic view of the path of an electron through the detector.

'The procedure is the same also for the other leptons.
2Tt is a multiplicative scale factor for the simulation.
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Figure 5.1: Schematic view of the path of an electron through the detector. The red
line is the hypothetical trajectory of an electron traversing first the tracking system and
then entering the EMCAL. The dashed line indicates the path of a photon produced via
bremsstrahlung in the tracking system [65].

5.1.1 Electron identification

To select electrons entering the |n| < 2.47 region a likelihood-based identification
(LH) is used. All the inputs to the LH include measurements from the tracking sys-
tem, the calorimeter system and quantities that combine both their information. Also
probability density function (pdf) based on simulated events are constructed.

The LH is based on the products for signal Lg and for background Lpg of n pdfs and
is given by:

L) (®) = [ | Powwyal:) (5.2)
=1

where # are n-component input vectors, Pg;(x;) is the value of the signal pdf for quantity
i at value x; and Pp;(x;) is the corresponding value of the background pdf. The signal
is given by prompt electrons, while the background comes from the combination of jets
that have a similar signature of prompt electrons, electrons from photon conversion in the
detector material and non-prompt electrons given from the decay of hadrons containing
heavy flavours.

For each electron candidate a discriminant d;, is formed, in order to combine Lg and
L B-
Lg

dp = —5
L e+ Ly

(5.3)
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This discriminant presents a sharp peak at unity for signal electrons and at zero for
background.

In order to derive the PDFs for the electron LH, each one of them is determined for
each identification quantity in separate bins of electron-candidate Fr and 7. This pdfs
are created from finely binned histograms of the individual identification quantities. Pdfs
histograms are smoothed using an adaptive kernel density estimators (KDE) to avoid
non-physical fluctuations. The PDFs for the transverse energy Er range from 4.5 GeV
to 15GeV and are determined using J/¢) — ee MC simulations while the others for
Er > 15GeV are determined using Z — ee MC simulation.

In order to cover all the required prompt-electron signal efficiencies and background
rejection factors (needed by the considered physics analyses), four fixed values of the
LH discriminant are used, in order to define four operating points, which are: Very-
Loose, Loose, Medium and Tight. These correspond to increasing thresholds for the LH
discriminant. The efficiencies for identifying a prompt electron with Ep > 40 GeV are
93%, 88% and 80% for the Loose, Medium and Tight operating points, respectively. The
identification is optimized in bins of cluster n and bins of E;®. All this points need
some tracking criteria requirements: Loose, Medium and Tight points require at least
two hits in the pixel detector and seven hits total in the pixel and silicon strip detectors
combined; while for Medium and Tight points one of these pixel hits must be in the in-
nermost pixel layer. VerylLoose operating point does not include an explicit requirement
on the innermost pixel layer and requires only one hit in the pixel detector. The latter
point provides identification requirements for background studies.

Efficiencies for the LH-based electron identification for the Loose, Medium and Tight
operating points for data and data-to-simulation ratios are shown in Figure 5.2 and
5.3. The measurement of efficiencies of the electron identification and isolation cuts are
performed with the data using tag and probe techniques with large statistical sample of
Z — ee and J/1¢ — ee decays [66].

3Bins are selected by taking into account detector characteristics.
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(a) Efficiencies as a function of Pr.

Figure 5.2: Measured LH electron-identification efficiencies in Z — ee events for the
Loose, Medium and Tight operating points, as a function of E7 and . Vertical bars rep-
resent the statistical and total uncertainties. Bottom panel shows the data-to-simulation

ratios.
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ELECTRON RECONSTRUCTION

Figure 5.3: LH electron-identification efficiencies for electron candidates with Er >
30 GeV for the Loose, Medium and Tight operating points, as a function of primary
vertices in the 2016 data taking, using the Z — ee process. The histogram shows the
distribution of the number of primary vertices for the data.
statistical, while the total ones include both statistical and systematics components.
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5.1.2 Electron isolation

In the differentiation of the reconstructed object in sinal processes, a hint of the signal
is represented by a small activity, both in the calorimeter and in the inner detector,
in a region of An x A¢ surrounding the candidate object. However, the production of
boosted particles decaying, for example, into collimated electron-positron pairs or the
production of prompt electrons, muons and photons such as ¢t production can spoil the
signal. Some variables are constructed in order to quantify the amount of activity close
to the candidate object. They are built summing up transverse energies of clusters in the
calorimeter or transverse momenta of tracks in a cone of radius AR = \/(An)? + (A¢)?
around the direction of the electron candidate, excluding the candidate itself.

Some of the fundamental steps entering the structure of this isolation variables are:
identify the candidate object itself, its direction and its contribution to the activity within
the cone and summing, in a pile-up and underlying event robust way, the other activity
found within the cone. Isolation variables can be divided in two classes:

o Calorimeter-based isolation: the computation of calorimeter-based isolation in
the early running period of ATLAS simply summed the Er of the calorimeter cells
(from EMCAL and HADCAL) within a cone aligned with the electron direction,
excluding the candidate’s contribution. A good improvement is obtained by using
E7 of topological clusters instead of cells, applying a significant noise-suppression
algorithm to the collection cells. In Figure 5.4 a sketch of the calorimeter isolation
method is shown. This method is simple and robust thanks to the stable subtrac-
tion scheme for both the signal and background candidates. A disadvantage of
this method is that the candidate object may deposit energy outside of this fixed
rectangular area which may be incorrectly assigned as additional activity.

o Track-based isolation: to compute track-based isolation variables, tracks with
pr > 1GeV, reconstructed with a fiducial region of the inner detector |n| < 2.5,
that satisfy basic track-quality requirements, are used. This track selection includes
a minimum number of hits identified in the silicon detectors and a maximum num-
ber of inoperable detector regions crossed by the track. To reduce the contribution
of pile-up, a cut |zpsinf| < 3mm is required, where z is the longitudinal impact
parameter. This requirement aims to select tracks that originate from the vertex.
Some track-based isolation variables are constructed by summing the transverse
momenta of the tracks found within a cone of radius AR aligned with the electron
track, excluding the candidate’s own contribution. Then the track-pr contribution
of the candidate electron to the track-isolation variable must be subtracted from

the cone. The resulting track-isolation variable is called p,*.
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< [Tt rrrryd

n

Figure 5.4: Sketch of the calorimeter isolation method: the grid represents the second-
layer calorimeter cells in the n and ¢ directions. The electron candidate is located in the
center of the purple circle representing the isolation cone. All topological clusters are
represented in red. The yellow-rectangle cells correspond to the subtracted cells in the
core subtraction method (subtraction of the core energy around the candidate).
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5.1.3 Electron triggers

ATLAS trigger system has been introduced in Section 4.6. The electron (and photon)
reconstruction at the HLT stage is performed on each EM Rol, provided by L1, which
satisfies Fr and isolation requirements as specified by the trigger menu [67]. To run pre-
cision algorithms at a reduced rate, later in the trigger sequence, the HLT fast algorithms
are executed first. They operate by using calorimeter and ID (Inner Detector) informa-
tion within the Rol to perform the initial selection and identification of the electron
candidates (and achieve early background rejection).

If a particle passes the fast selection criteria, the precision algorithms in the HLT are
executed, if it is possible to access detector information outside the Rol. Therefore, the
two main trigger selections are:

o The L1 trigger for electrons uses calorimeter information in the central region
In| < 2.5 to build an EM Rol. Within the window, the algorithm uses the maximum
E7 from the four possible pairs of nearest-neighbour EM towers in a 2 x 2 central
region®. Also a nominal E7 threshold and optionally a selection to reject hadronic
activity below 50 GeV can be applied. Final step is an EM isolation requirement, in
which candidate electrons are rejected if the sum of Er in the 12 towers surrounding
the 2 x 2 central region in the EM layer is at least 2 GeV and exceeds the value
Er/8.0—1.8GeV.

o Also the HLT electron reconstruction has fast and precision steps. The fast
calorimeter reconstruction and selection steps for electrons have two implementa-
tions: a cut-based algorithm and a neural network based Ringer algorithm®. The
former is used for electron triggers with Fr < 15 GeV, the latter is used for trigger-
ing electrons with Fp > 15 GeV. Electron candidates are required to have tracks
from the fast track reconstruction step, performed inside the Rol only, matching the
corresponding cluster. In the precision calorimeter reconstruction step, precision
tracks within the Rol are extrapolated to the second layer of the EM calorime-
ter and are required to match the clusters within |An(track, cluster)| < 0.05 and
|Ag(track, cluster)| < 0.05 rad. Here, the electron selection relies on a multivari-
ate technique using a LH discriminant with four operating points, similar to the
ones of Section 5.1.1.

5.2 Muon reconstruction

Like electrons, also muons are fundamental objects in our analysis because they form
both the ey and pp final states of the decay. The muon reconstruction is performed

4This is used for EM Ep reconstruction.
5This algorithm exploits the property of EM showers to develop in the lateral direction in an ap-
proximately conical structure around the initial particle.
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independently in ID and MS (Muon Spectrometer). The information is then combined
to form muon tracks, used for physics analyses. In the ID, muons are reconstructed as
the other charged particles [68].

For the MS reconstruction, the algorithm starts with a search for hit patterns
inside each muon chamber, to form segments. The MDT segments are reconstructed
by performing a straight-line fit with the hits found in each layer. The RPC or TGC
measure the coordinate orthogonal to the bending plane. The segments in the CSC
detectors are built using a separate combinatorial search in the n and ¢ detector planes.
Muon track candidates are built by fitting together hits from segments in different layers.
At least two matching segments are required to built a track, except in the barrel-endcap
transition region where a single high-quality segment with 7 and ¢ information can be
used. The hits associated with each track candidate are fitted using global y? fit.

Information from ID and MS tracks are then joint to perform a ID-MS combined
reconstruction. This procedure is performed according to various algorithms, based on
the information provided by ID, MS and calorimeters. Depending on the sub-detector
used in the reconstruction, there are four muon types:

« Combined (CB) muons: here the track reconstruction is performed indepen-
dently in the ID and MS, and a combined track is formed with a global refit that
uses the hits from both ID and MS sub-detectors.

« Segment-tagged (S7) muons: in this case a track in the ID is classified as a
muon if, once extrapolated to the MS, it is associated with at least one local track
segment in the MDT or CSC chambers.

« Calorimeter-tagged (C'T) muons: here a track in the ID is identified as a muon
if it can be matched to an energy deposit in the calorimeter, compatible with a
minimum-ionizing particle. The criteria for the identification of this muons are
optimized for the region |n| < 0.1 in the momentum range 1.5 < pr < 100 GeV.

« Extrapolated (MFE) muons: for this muons the trajectory is reconstructed based
only on the MS track and on a loose requirement on compatibility originating from
the interaction point. This muons are mainly used to extend the acceptance for
muon reconstruction into the region 2.5 < |n| < 2.7 (not covered by the ID).

The overlaps between different kind of muons are resolved before producing the final
reconstructed muons for the analysis. A scheme of all the reconstructed muon candidates
is shown in Figure 5.5.
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Combined Muon /

Muon Spectrometer

(Calo-Tagged Muon)

Figure 5.5: Scheme of all the reconstructed muon candidates [69].

5.2.1 Muon identification

Muon identification is performed by applying quality requirements that suppress back-
ground. To guarantee a robust momentum measurement, specific requirements on the
number of hits in the ID and MS are used. Four muon identification selections, namely
Medium, Loose, Tight and High-pr, are provided to address the specific needs of different
physics analyses:

e Medium muons: the Medium identification criteria is the default selection for
muons in ATLAS. In this case only CB and ME tracks are used. The first ones
are required to have at least 3 hits in at least two MDT layers, except for tracks in
the |n| < 0.1 region, where tracks with at least one MDT layer, but no more than
one MDT hole layer, are allowed. Instead, the latter are required to have at least
three MDT /CSC layers, and are employed only in the 2.5 < |n| < 2.7 region, to
extend the acceptance outside the ID geometrical coverage.

o Loose muons: this criteria are designed to maximize the reconstruction efficiency
while providing good-quality muon tracks. In this case all muon types are used.
All CB and ME muons satisfying the Medium requirements are included in the
Loose selection. CT and ST muons are restricted to the |n| < 0.1 region. In the
In| < 2.5 region almost all muons are CB.

o Tight muons: this muons are selected to maximize the purity of muons at the cost
of some efficiency. Here, only CB muons with hits in at least two stations of the MS

67



5.2. MUON RECONSTRUCTION

and satisfying the Medium selection criteria are considered. In the 2.5 < |n| < 2.7
region muons are reconstructed using only the MS detector.

o High-p; muons: this selection aims to maximize the momentum resolution of
tracks with pr > 100 GeV. CM muons that have passed the Medium selection and
have at least three hits in three MS stations are selected.

5.2.2 Muon isolation

Muons originating from heavy particles are usually produced isolated from other particles
and are well separated from them in the event. Therefore, the muon isolation is a powerful
tool for background rejection in physics analyses. To define muon isolation, two variables
are defined: a track isolation variable and a calorimeter-based isolation variable.
The former is called p,#°"*30 and is defined as the scalar sum of the pr of the tracks

with pr > 1 GeV in a cone with size:
AR = min (10 GeV /pf.,0.3) (5.4)

around the muon transverse momentum p.', excluding the muon track itself.

The calorimeter-based variable ExP** s defined as the sum of the E7 of topological
clusters in a cone of size AR = 0.2 around the muon, after subtracting the contribution
from the energy deposit of the muon itself and correcting for pile-up effects.

The real isolation criteria are constructed using the so-called relative isolation vari-
ables: they are defined as the ratio of track or calorimeter based isolation variables to
the pr of the muon. The distribution of this variables for muons coming from Z — uu
events are shown in Figure 5.6. Some isolation criteria, called isolation working points,
are defined; each of them is optimized for different physics analyses. The efficiencies
of this points are measured in data and simulation in Z — puu decays, by using the
tag-and-probe method®.

6This method is employed to measure the efficiency of the muon identification selections within the
acceptance of the ID (|n] < 2.5). Z — up events are used, with one of the two muons considered as a
tag by requiring to match the single-muon trigger, and the other acting as a probe, in order to measure
trigger efficiency.
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Figure 5.6: Left: distribution of the track based relative isolation variable. Right: dis-
tribution of the calorimeter-based relative isolation variable. Variables are measured in
Z — pp events. Muons included in the plots satisfy Medium identification criteria and
are well separated from the other muon from the Z boson, that have AR, > 0.3. Bot-
tom panel shows the ratio to data to simulation. Dots show the distribution of data,
while histograms show distribution from simulation.

5.2.3 Muon triggers

The L1 muon trigger uses TGCs and RPCs hardware in order to select events by means
of coarse pr information. The L1 trigger also defines the Rols”. The HLT muon trigger
employs dedicated softwares to reconstruct muons in the Rols defined by the L1, using
information from precision trackers, MDTs, CSCs and ID [70]. In addition to precise pr
measurements, for some triggers, isolation criteria are also applied to reject non-prompt
muons. Muon trigger performances are studied by means of a tag-and-probe method. In
Figure 5.7 the absolute efficiencies for muons with respect to the offline muon ps in the
barrel (|| < 1.05) and endcap (1.05 < |n| < 2.4) regions are shown. Relative efficiency
of the HLT with respect to L1 is superimposed in the plots with blue line. Values of
efficiency in endcap are lower than in the barrel: this loss is due to uncovered detector
regions.

The ATLAS muon trigger performance has been stable during Run 2. The L1 trigger
decision in the barrel region is based on the coincidence of hits from three concentric
RPC stations for the three high-py thresholds. To reach optimal performance for the
ATLAS trigger, an effective rejection of fake muon triggers in region 1.05 < |¢| < 1.3
has been possible by exploiting a coincidence between the TGC chambers and the tile
HADCAL. To verify the performance of the muon trigger in different pile-up conditions,

"They are defined in terms of the pseudorapidity n and the azimuthal angle ¢.
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Figure 5.7: Absolute efficiencies for muons with respect to the offline muon pr in the
barrel (|n| < 1.05, left panel) and endcap (1.05 < |n| < 2.4, right panel) regions. Relative
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efficiency of the HLT with respect to L1 is superimposed in the plots with blue line.

the efficiency has been tested as a function of the number of reconstructed vertices (see

Figure 5.8).

Figure 5.8: Muon trigger efficiency in the barrel region as a function of the number of
reconstructed vertices. Efficiencies of L1, HLT and the total efficiency are shown for
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offline muons reconstructed in the barrel region with pr > 27 GeV.
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5.3 Jet reconstruction and calibration

In ATLAS, different jets definitions are used, in particular for the study of QCD jets and
jets containing the hadronic decay of boosted massive particles®. These different kind of
jets are calibrated through some sequential steps. Jets are only a representation of the
underlying physical process: the use of different jet definitions is adopted regarding the
considered phenomena. ATLAS usually considers mostly small-R jets for physics results
with quarks and gluons. The resulting jet is calibrated, in order to provide an accurate
representation of the event.
The jet reconstruction is mainly divided into three parts:

o Jet inputs: in ATLAS particle-flow algorithm [71] is used to remove calorime-
ter energy deposits due to charged hadrons from consideration during jet recon-
struction. This improves the accuracy of the charged-hadron measurement, while
retaining the calorimeter measurements of neutral-particle energies.

o Jet algorithms: ATLAS uses the anti-k; algorithm algorithm [72] for jet recon-
struction. Two different distance parameters R are typically used, corresponding
to different intended uses. Jets representing quarks and gluons are called small-R
jets and are reconstructed with R = 0.4. Instead, jets representing hadronically

decaying massive particles are typically called large-R jets and are reconstructed
with R = 1.0.

« Jet grooming: the usage of large-R jets is necessary to fully contain the hadronic
massive particle decays, but it comes with a substantially increased sensitivity to
pile-up effects due to the larger fraction of the calorimeter enclosed within the
jet volume. While pile-up may be low energy and thus not charge, the total jet
kinematics by a large amount is randomly distributed and can thus unknown the
angular structure within the jet that is the key to identifying massive particle
decays. In order to solve this limitations, large-R jets are typically groomed®.

The jet calibration procedure is divided into three steps: first, pile-up contributions are
suppressed at the jet level, for small-R jets, then the jet is calibrated to the MC truth
scale and finally the differences between MC and data are considered.

5.3.1 b-tagging algorithms

The purpose of b-tagging algorithms is to identify jets containing b-flavored hadrons. For
each selected jet, this algorithms provide b-weights, reflecting the probability that this

8Hadronic jets are collimated streams of hadrons produced in high-energy collisions. These jets result
from the fragmentation and aggregation of quarks and gluons released in strong interactions.

9 Grooming is a class of algorithms that take a jet and throw away constituents following a defined
strategy, rebuilding the final jet from the remaining constituents.
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jet originates from a b-quark.

The discrimination of b-quark jets from light quark jets is possible mainly thanks to
the relatively long lifetime of b-flavored hadrons, resulting in a significant flight path
length L of the order of some millimeter. This leads to measurable secondary vertices
and impact parameters of the decay products. Various b-tagging algorithms are used
in ATLAS, based on these discriminating variables (L, dy and zp), on secondary vertex
properties and on the presence of leptons within b-jets.

Each tagging algorithm defines a discriminant w, associated to the probability for a
given jet to have been originated from a b-quark. For each tagging algorithm, different
“working points”, corresponding to different threshold on the w variable, can be used.

The choice of the working point sets the tagging efficiencies for b-, ¢- and light quark
jets [73]. For our analysis the DL1 algorithm with a working point of 60% efficiency with
veto on 3rd b-tagged jets at 85% efficiency is used [74].

The DL1 algorithm is based on a deep feed-forward neural network (NN). The DL1
NN has a multidimensional output corresponding to the probabilities for a jet to be a
b-jet, a c-jet or a light-flavour jet.

Training with multiple output nodes offers additional flexibility when constructing the
final output discriminant by combining the b-jet, c-jet and light-flavour jet probabilities.
Since all flavours are treated equally during training, the trained network can be used
for both b-jet and c-jet tagging. The final DL1 b-tagging discriminant is defined as:

Dot = In ( b > (5.5)

fc * Pe + (1 - fc) 'plight

where py, pe, pignt and f. represent respectively the b-jet, c-jet and light-flavour jet
probabilities, and the effective c-jet fraction in the background training sample. Using
this approach, the c-jet fraction in the background can be chosen “a posteriori” in order
to optimize the performance of the algorithm.

5.4 MET reconstruction

The missing transverse energy is reconstructed as the negative vector sum of transverse
momenta pr of reconstructed physics objects. The physical objects considered in the
EXss calculation are electrons, photons, muons, 7—leptons and jets (hard terms) [75].
The EX® components in the z — y transverse plane are:

miss __ rmiss,e miss, (4 miss,”y miss, T miss,jets miss,soft
Erty) = Fa” T o) T Pa) T Ea” e 1 Ea) (5.6)

and each term is defined as:

== Py (i) (5.7)
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where ¢ are electron or muon or other interested objects. Instead, the reconstructed
momentum not associated to any of the hard terms is referred as the soft term. There
exist several algorithms used to reconstruct the E* soft term using calorimeter energy
deposits or tracks. The main used algorithm for this purpose (used by ATLAS at Run-2)
is the so-called Tracks Soft Term (TST), which fully relies on tracks. This algorithm
misses the contribution from neutral particles, but it’s robust against lots of pile-up
conditions.

The removal of pile-up jets is essential for the EX resolution: this is done with the
Jet Vertex Tagger (JVT) technique'® [76]. Also a novel forward pileup tagging technique
(fJVT), that exploits the correlation between central and forward jets originating from
pile-up interactions is developed. This latter technique improves the E}* resolution in
high pile-up conditions (see Figure 5.9). The TST systematic uncertainties are evaluated
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Figure 5.9: TST EI resolution as a function of the number of primary vertices, mea-
sured in MC simulated Z — uu events using different strategies for pile-up suppression.

exploiting the differences between data and MC using the balance of a soft term and a
calibrated physics object. The mean of the TST distribution as a function of the hard
pr term has been measured using 36.5fb~" Run-2 ATLAS data and agrees with MC
simulation within the systematic uncertainty.

10This technique extracts the pile-up jets using track-to-vertex association method.
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5.5 Overlap removal

To avoid cases where detector response to a single physical object is reconstructed as
two separate final-state object, several steps are followed to remove these overlaps:

1.

Calo-tagged muons sharing a track with an electron are removed, followed by the
removal of any remaining electron sharing a track with a muon®!.

The closest jet to each electron within an y — ¢ cone of size AR = 0.2 is removed
to reduce the proportion of electrons being reconstructed as jets. In particular,
this jets must pass the JVT requirements (mentioned at the end of the Section
5.4), in addition to the standard pr and |n| requirements, to be used to remove an
overlapping object.

Electrons with a distance AR < 0.4 from any of the remaining non-pileup jets are
removed to reduce backgrounds from non-prompt, non-isolated electrons coming
from heavy-flavor hadron decays.

Jets with fewer than three tracks and distance AR < 0.2 from a muon are then
removed to reduce jet fakes from muons depositing energy in the calorimeters.

Muons with a distance AR < 0.4 from any of the surviving jets are removed to
avoid contamination of non-prompt muons from heavy flavor hadron decays.

"This step is useful to avoid cases where a muon mimics an electron through radiation of a hard
photon.
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In this chapter, the data, MC samples and some common objects definitions used in the
analysis are described.

In Section 6.1 the dataset is presented, while in Section 6.2 the Monte Carlo simulated
samples used for comparison with results are provided. In Section 6.3 the event selection
details of the analysis are introduced and finally in Section 6.4 the particle-level objects
and the interested phase-space are explained.

6.1 Data samples

For this work the full dataset collected by the ATLAS detector during Run 2 operations
(2015-2018) has been used. This dataset consists of data from proton-proton collision at
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a center-of-mass energy of 13 TeV, sampled at a total integrated luminosity of 140 fb™!.

Only data collected during stable beam LHC operations and with the ATLAS detector
fully functioning is included. Events are considered only if they are accepted by at least
one of the single-muon or single-electron triggers described in [77, 78, 79, 80, 81]. A
matching between online objects firing the trigger and the offline reconstructed object is
required.

6.2 Monte Carlo simulated samples

The contribution of SM processes is evaluated from MC simulated samples [82].

Multiple overlaid proton-proton collisions are simulated with the soft QCD processes
of Pythia8 [83] using the A2 tune [84] and the MSTW2008L0 PDF [85]. The detector
response is simulated with Geant4 [86]. As a full simulation of the detector response
is computationally expensive, for some of the modelling uncertainties estimation, the
fast-simulation package ATLFAST-II [82] is used, which parametrises hadronic showers
in the electromagnetic and hadronic calorimeter, in order to speed up the simulation.

Simulation samples are reweighted so that their pile-up profile, based on the actual
pile-up, matches the one observed in data [87].

The signal samples are defined as the sum of the tf and the tW samples from the
same combination of generators and parton showers.

Monte Carlo events are further categorized based on the presence of non-prompt lep-
tons. For all processes, besides those contributing to the fakes/non-prompt background,
it is required that the two selected leptons are prompt.

6.2.1 Nominal signal sample
tt production

The production of the nominal ¢t events is modelled using the PowhegBox [88, 89, 90, 91]
generator which provides matrix elements at NLO in the strong coupling constant oy with
the NNPDF3.0NLO [92] parton distribution function (PDF) and the hqamp parameter,
which controls the matching in Powheg and effectively regulates the high-pr radiation
against which the t¢ system recoils, set to 1.5 mye, [93]. The functional form of the

renormalization and factorization scale is set to the default scale \/m +p3. The

events are interfaced with Pythia8 for the parton shower and hadronization, using the
A14 set of tuned parameters [94] and the NNPDF2.31o set of PDFs [95]. The decays of
the bottom and charm hadrons are simulated using the EvtGen program [96].

The nominal ¢ sample is normalized to the cross-section prediction at NNLO in QCD
including the resummation of NNLO soft-gluon terms calculated using Top++ [97,
98, 99, 100, 101, 39, 102]. For proton—proton collisions at a center-of-mass energy of
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/s = 13 TeV, this cross-section corresponds to:
0'<t£>NNLO+NNLL = 834J:§(1](SC&1€) + 21(PDF+&S) + 23<mt0p> pb (61)

using a top-quark mass of my,, = 172.5 GeV. The uncertainties on the cross-section
due to PDF and ay are calculated using the PDF4LHC prescription [103] with the
MSTW2008 68% CL NNLO [85, 104], CT10 NNLO [105, 106] and NNPDF 5f FFN
PDF sets, and are added in quadrature to the scale uncertainty.

tW production

The nominal single-top tW associated production is modelled using the PowhegBox v2 [107]
generator which provides matrix elements at NLO in the strong coupling constant «y in
the five-flavour scheme with the NNPDF3.0NLO parton distribution function set. The
functional form of the renormalzation and factorization scale is set to Hr/2'. The di-
agram removal scheme (see Section 2.3) is employed to handle the interference with
tt production. The events are interfaced with Pythia8 using the Al4 tune and the
NNPDF23LO PDF set. The decays of the bottom and charm hadrons are simulated
using the EvtGen program.

The inclusive cross-section is corrected to the theory prediction calculated at NLO
in QCD with NNLL soft gluon corrections [108, 109]. For proton—proton collisions at a
center-of-mass energy of /s = 13 TeV, this cross-section corresponds to:

U(tW)NLO+NNLL =T71.74+38 pb (62)

using a top-quark mass of my,, = 172.5 GeV. The uncertainty on the cross-section due to
PDF is calculated using the MSTW2008nnlo 90% CL PDF set, and is added in quadrature
to the scale uncertainty.

6.2.2 Alternative signal samples

Several additional ¢f and tW samples are considered for modelling systematics evaluation
and to make comparison with data.

Samples for systematic uncertainties and comparison with data

« tW PWG+HPYS8 (DS): it is similar to the nominal PWG+PY8 sample but using
the DS scheme. It is combined with the nominal ¢¢ sample, and is labelled in the
legends of figures and tables as PWG+PYS8 (DS).

LHr is related to an energetic scale associated to transverse momenta of the final particles involved
in a given event.
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o tt and tW PWGHPY8 (hgamp = 3my): they are produced with the same
settings as the nominal PWG+PY8 sample but with the hgam, parameter set to
3m;. The short name used in the paper is PWG+PY8 (hdamp)-

o tt and tW PWG+HY: for them, events were generated using the same Powheg-
Box v2 set-up using the NNPDF3.0NLO [92] parton distribution function (PDF),
interfaced to HERwIG 7.1.3 [110, 111}, which includes an angular-ordered parton-
shower model. This sample was generated using the HERWIG 7.1 default set of
tuned parameters and the MMHT2014L0 PDF set [112]. For the tW process,
events were generated with the POWHEG BOX v2 generator were interfaced to HER-
WIG 7.0.4, using the same parton shower tune and PDF as the ¢t sample. The
functional form of the renormalization and factorization scales was set fixed to the
default scale, which is equal to the top-quark mass. The decays of the bottom and
charm hadrons were simulated using the EVTGEN 1.6.0 program [96]. The short
name used in the paper is PWG+H7 (fix).

o tt and tW PWG+PY8 (pThard): it is similar to the nominal PWG+PY8
sample but using prpaa = 1 instead of prpaa = 0 [113, 114]. This parameter
regulates the definition of the vetoed region of the showering, important to avoid
hole/overlap in the phase space filled by POWHEG and PYTHIA. The short name
for this sample is PWG+PY8 (pThard).

o tt PWG+PYS8 (recoil): similar to the nominal PWG+PY8 sample but with
a different recoil strategy. In the nominal sample, the modelling of second and
subsequent gluon emission is performed recoiling the gluon against b-quarks while
in the alternative sample the top-quark itself works as the recoiler.

Samples only for comparison with data

« PWG+PYS8 bb4l: this sample [115] is not given from the sum of t¢ and tW
separate simulations. The process is modelled using a generalization of Powheg
which produces ¢ v,l~7;bb final states that take into account quantum interference
effects between the t¢ and tW production modes as well as off-shell and non-
resonant effects [116].Events are generated using the POWHEG BoX RES framework
[117], with matrix elements at NLO in the strong coupling constant. A general
NLO+PS matching technique that allows for a consistent treatment of resonances,
referred to as ‘resonance-aware matching’ [118], is employed. The functional form

1
of the renormalisation and factorisation scales is set to [(mf + pgy ) (mi + P%r,t’ﬂ 4
where the (anti)top masses and transverse momenta are defined in the underlying

Born phase space in terms of final state (off-shell) decay products. For diagrams

\VP%

containing an intermediate Z boson, the scales are set to 5=, with pz = pi+ +
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pi- + P + ps. The hgamp parameter is set to 1.5m,. Events are interfaced with
PyTHIA 8.245 [83] using the Al4 tune [94] and the NNPDF2.3LO PDF set [95].
For the POWHEG-PYTHIA matching, a special UserHook (PowhegBB4Ltms) is used.

« tW PWG+PY8 with fixed scales (both DR and DS): it is similar to the
nominal PWG+PYS8 sample but with the renormalization and factorization scales
fixed to the default scale, m; = 172.5 GeV. It is combined with the nominal ¢
sample and both are presented in legends of figures and tables as PWG+PY8 (fix)
and PWG+PY8 (fix, DS) respectively.

e tt PWG+PY8 NNLO reweighting: in order to evaluate the extent to which the
NNLO corrections improve the agreement between data and simulation, the events
of the nominal PWG+PYS ¢t sample are reweighted at parton-level to match the
NNLO QCD + NLO EW parton level prediction presented in [119]. The reweight-
ing is performed on the three variables pr(t), m(tt) and pr(tt), using the kine-
matics of the top quarks in the MC samples after initial- and final-state radiation.
The predictions for pr(t) and m(tt) are calculated at NNLO in QCD with NLO
electroweak (EW) corrections [119] with the NNPDF3.0QED PDF set using the
dynamic renormalisation and factorisation scales mr(t)/2 for pr(t) and Hy/4 for
m(tt) as proposed in Ref. [119]. The prediction for pr(tt) is calculated at NNLO
in QCD [120, 121] with the NNPDF3.0 PDF set and with p, and ps set to Hr/4.
All the predictions use m; = 173.3 GeV. The reweighting was performed itera-
tively [122, 123], such that at the end of the procedure the reweighted MC sample
agrees well with the higher-order prediction for each of the three variables. The
re-weighted predictions themselves are not equivalent to complete NNLO-parton
shower calculations and are used to estimate the effect of the NNLO contributions
on the measured observables. Such kind of reweighting is currently unavailable for
the tW production, so for this process we keep the nominal tWW DR PWG+PYS
MC. The short name for this sample is PWG+PY8 (NNLO rew.).

All the alternative samples are normalized to the same total cross-section as the nomi-
nal, except for the top-quark mass variations, which are normalized to the corresponding
higher-order cross-sections.

6.2.3 Background samples

Below a list of the background samples used in the analysis is presented.

ttX production The associated production of a top-quark pair with a heavy boson
(W/Z]H) is referred to as ttX.

The production of ttW/Z events is modelled using the MadGraph5 aMC@NLO v2.3.3
generator [124] which provides matrix elements at NLO in the strong coupling constant as
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with the NNPDF3.0nlo PDF. The functional form of the renormalization and factorization
scale is set to the default of 0.5 x Y7, \/m? +p7;, where the sum runs over all the

particles generated from the matrix element calculation. Top quarks are decayed at
LO using MadSpin [125, 126] to preserve spin correlations. The events are interfaced
with Pythia8.210 for the parton shower and hadronization, using the A14 set of tuned
parameters and the NNPDF2.31o PDF set. The decays of the bottom and charm hadrons
are simulated using the EvtGen v1.2.0 program.

The cross-sections are calculated at NLO QCD and NLO EW accuracy using
MadGraph5 aMC@NLO as reported in [127]. The ttZ cross section is further supplemented
with an off-shell correction (down to 5 GeV) calculated in [128]. The predicted values
at 13 TeV are 0.887507 pb and 0.601053 pb for t£Z and t#W respectively, where the
uncertainties are estimated from variations of the renormalization and factorization scales
as well as the strong coupling a.

The production of tt H events was modelled using the POWHEG Box v2 [88, 89, 90, 91,
129] generator, which provided matrix elements at NLO in the strong coupling constant
as, in the five-flavour scheme with the NNPDF3.0NLO [92] PDF set. The functional
form of the renormalization and factorization scales was set to </mr(t) - mr(t) - mr(H).
The events were interfaced to PYTHIA 8.230 [83] using the A14 tune [94] and the
NNPDF2.3L0 [92] PDF set. The decays of bottom and charm hadrons were performed
by EVTGEN 1.6.0 [96].

The cross-section was calculated at NLO QCD and NLO EW accuracy using MAD-
GRAPHS__AMC@NLO as reported in [127]. The predicted value at /s = 13 TeV is
507135 fb, where the uncertainties were estimated from variations of ay and the renor-
malisation and factorisation scales.

Z+jets and W+jets production In the phase space region used in the analysis, the
Z+jets process contributes via events where the Z boson decays in two 7 leptons, which
in turn decay in an electron and a muon; the W+jets process contributes only via fake
leptons.
The production of V+jets (Z+jets and W+jets) was simulated with the

SHERPA 2.2.1 [130] generator using NLO matrix elements for up to two partons, and LO
matrix elements for up to four partons calculated with the Comics [131] and OPEN-
Loops [132, 133, 134] libraries. They were matched with the SHERPA parton shower [135]
using the MEPS@NLO prescription [136, 137, 138, 139] using the set of tuned parameters
developed by the SHERPA authors. The NNPDF3.0NNLO set of PDFs [92] was used
and the samples were normalised to a NNLO prediction [140]. For the Z+jets samples,
a cut-off of my; > 40 GeV was applied at generator level.

Diboson production This production has been simulated with Sherpa v2.2.2 and
v2.2.1 generator, depending on the process, including off-shell effects and Higgs boson
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contributions, where appropriate. The samples were generated using matrix elements at
NLO accuracy in QCD for up to one additional parton and at LO accuracy for up to
three additional parton emissions. Samples for the loop-induced processes gg — V'V were
generated using LO-accurate matrix elements for up to one additional parton emission
for both the cases of fully leptonic and semileptonic final states. In this setup, multiple
matrix elements (NLO for up to one additional parton and LO for up to three additional
partons) are matched and merged with the Sherpa parton shower based on Catani-
Seymour dipole using the MEPS@QNLO prescription. The virtual QCD corrections
for matrix elements at NLO accuracy are provided by the OPENLOOPS library. The
NNPDF3.0NNLO set of PDFs was used, along with a dedicated set of tuned parton-
shower parameters developed by the SHERPA authors.

Non-prompt production This sample is estimated using MC by selecting events
with non-prompt leptons, based on truth level information (from inclusive tW, non-full-
hadronic tt, Z + jets, W +jets, diboson and V') and assuming all fakes come from
modeled processes.

6.3 Event selection

The event selection comprises a set of requirements based on the general event quality
and on the reconstructed objects, defined in Chapter 5, that characterize the final-state
event topology.

The sample is collected using a logical or of the lepton triggers. To ensure events
originate from proton-proton collisions, events are required to have at least one vertex
with at least two tracks. The primary vertex is defined as the vertex with the highest
>~ p% where the sum extends over all associated tracks with pr > 0.4 GeV. Each event
is required to contain exactly one good electron and one good muon, with pp > 28 GeV,
as defined in the previous chapter.

The trigger object fired in the event must be matched to the corresponding re-
constructed lepton. This matching is based on angular distance between the fully-
reconstructed lepton and the one reconstructed by the trigger algorithm. Finally, at
least two jets, with pr > 25 GeV, and at least two b-jets at 70% WP are required.

6.3.1 2b-inclusive signal region

In Figures 6.1 and 6.2 detector-level control plots for the kinematic variables of base
objects, are shown.

The data and simulated distributions (obtained employing both the DR and DS
schemes) generally agree well, but the lepton transverse momentum distribution ob-
served in data is softer than in the nominal signal and background simulation, as has
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Figure 6.1: Comparison of data and MC predictions for the pr of a the leading jet and b
the leading b-jet, c the n of the leading jet and d the number of b-jets in the 2b-inclusive
region. The hatched area indicates the combined statistical and systematic uncertainties
in the total prediction, excluding systematic uncertainties related to the signal modelling.
Events beyond the range of the horizontal axis are included in the last bin.
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Figure 6.2: Comparison of data and MC predictions for the pr of a the leading and b
the subleading lepton, c¢ the 7 of the leading lepton and d the EM in the 2b-inclusive
region. The hatched area indicates the combined statistical and systematic uncertainties
in the total prediction, excluding systematic uncertainties related to the signal modelling.
Events beyond the range of the horizontal axis are included in the last bin.
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also been observed in previous measurements at /s = 13 TeV [141, 142]. For most of the
distributions, no significant differences are observed between the DR and DS schemes.
To enhance the sensitivity to the interference between the ¢t and W processes, a new
variable is defined, m?, . . in a region with a veto on additional b-tagged jets, as
described in the next section.

Values of observed and expected number of events in the channel after the full event

selection are shown in Table 6.1.

Sample ety Nyjersto > 2

tt 214000 + 13000 (+£6%)
tW (DR) 7300 £+ 400  (£6%)
ttV 800 =+ 110 (£13%)
Diboson 36 =+ 15 (£40%)
Z+jets 51 20 (£40%)
Fakes 1400 + 700 (£50%)
Expected 224000 + 13000 (+6%)
Purity ~ 0.9898 =+ 0.0032 (+0.32%)

Observed 219882
MC/Data 1.02 =+ 0.06 (£6%)

Table 6.1: Observed and expected number of events in the 2b-inclusive signal region after
the full event selection. The uncertainties include the Monte Carlo statistic uncertainties
and all systematic uncertainties except for the signal modelling ones.

Additional detector-level control plots for different variables in this phase space are
presented in Appendix B.1.2.

6.3.2 2b-exclusive signal region

The observable that is most sensitive to the interference between double and single top
production is m? which is described in detail in Appendix B.2. Its definition is

minimax

shown in Eq. 6.3:

minimax

My = min{max(mbllu mbzlz)v max(mb1l27 Mpyly )} (63)

where b; and [; represent the two b-jets and leptons, respectively?. A deeper description
of this variable is shown in Section 6.3.3. This variable is sensitive to the interference

bl

minimax

2The first and only measurement of the WbWb cross-section as a function of m variable has

been provided by ATLAS in 2018 [37].
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for high mass values (above about 180 GeV) due to the suppression of doubly resonant
contribution. However, this region of the phase space is also sensitive to the presence of
additional b-jets that can result in a value in the high mass region due to the combina-
torial between b-jets and leptons. Therefore, the veto on additional b-jets is essential to
achieve a good sensitivity. The best selection is achieved by requiring a veto on additional
b-jet at 85% WP with pr > 25 GeV.

The procedure and motivations that led to this optimisation are described in detail
in Appendix B.3.

In Figure 6.3 detector-level control plots for the mP. . variable, is shown. The
comparison between predictions obtained with the DR and DS schemes shows the region
of the distribution that is sensitive to the interference

' T T ! T T T T T T T T
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Figure 6.3: Comparison of data and MC predictions for the m%, . = variable for the

2b-exclusive signal region. The hatched area indicates the combined statistical and sys-
tematic uncertainties in the total prediction, excluding systematic uncertainties related
to the signal modeling. Events beyond the range of the horizontal axis are included in
the last bin.

In Figures 6.4 and 6.5 detector-level control plots for the kinematic variables of
interference-sensitive objects, are shown. In this case, no major impact is observed
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between the DR and DS schemes and the same level of agreement between data and MC
predictions is observed as in the 2b-inclusive signal region.

Values of observed and expected number of events in the channel after the full event
selection are shown in Table 6.2.

(200000 + 12000  (+£6%)
tW (DR) 6900 + 400  (+6%)
ttV 500 =+ 70 (£13%)
Diboson 32 + 13 (+40%)
Z+jets AT+ 18 (+£40%)
Fakes 1300 =+ 700 (£50%)
Expected 209000 4+ 12000 (+£6%)
Purity 0.9910 4+ 0.0031 (£0.32%)

Observed 202738
MC/Data 1.03 =+ 0.06 (+£6%)

Table 6.2: Observed and expected number of events in the 2b-exclusive signal region after
the full event selection. The uncertainties include the Monte Carlo statistic uncertainties
and all systematic uncertainties except for the signal modelling ones.

Additional detector-level control plots for different variables in this phase space are
presented in Appendix B.1.1.
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6.3.3 The m}y™™* variable physical interpretation

The mb, . variable represents the invariant mass of a specific pairing of a b-jet and a
lepton. Let’s assume that two leptons and b-jets are reconstructed in an event, labelling
them by, by, I; and [,. Then one can create pairs to reconstruct four unique masses
m;; = m(b;,l;) where i,j = 1,2. In doubly resonant tf events, two of the masses are
guaranteed to be below the top mass bound due to the not-reconstructed neutrino. But
in singly-resonant tf events, only a single pair must satisfy the top mass bound. The
b 1S constructed to efficiently take advantage of this difference (see Eq. B.2).

There are two ways to match b-jets and leptons. Assuming that one has correctly
paired the objects®, we are interested in the larger of the two masses, hence the mazimum.
This mass will be lower than the top mass bound for doubly-resonant events, while
it can “evade the top mass endpoint” for singly-resonant tWb events. However, one
cannot know a priori the correct way to make the b-jet-lepton pairing, so one is forced
to take the minimum over the possible ways to assign the objects. An illustration of

this procedure is shown in Figure 6.6. Thanks to this construction the ¢ process mainly

m

2 ways to pair objects:

P mbue) = A [yes

’ Q‘ m(bz,f2) = a A

%‘L
B —

’ Qz m(bi,&2) = B |WLOG:

P | meae) = b =

min-max mp| = min(A,B)

Figure 6.6: A scheme demonstrating the assignment of the leptons and b-jets to form the
mbl. . variable. Two possible pairings are considered: the A-type and the B-type and
for each of them one can build two possible my; values. The minimum of the larger my,
values from each pairing is selected as m®, . . In tf events this choice has a kinematic
endpoint at m¥. . < \/m? —m?, while for single-top events there is no such bound.

populates the region where m?. .

populated the entirety of the m®, .

is significantly beyond the top mass. As a result of this effect, the region of large m

is less than the top mass bound. Single top events

distribution including the region where the variable
bl

minimax

380 as to correctly group the decay products originating from the same top quark.
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is highly pure in single top events and is very sensitive to the interference effect, as shown
in Figure 6.7. At present, this is considered as the most interference-sensitive variable.

c
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Figure 6.7: The event fraction composition of the m@. .  distribution in the

interference-sensitive region is shown. The ¢ contribution is suppressed in the region
of large m% while the single top contribution is enhanced.

minimax

6.4 Particle-level objects

Particle-level objects are reconstructed using generator-level information from MC simu-
lation. The physics objects are built from stable particles in the generator record, defined
as those that satisfy: ¢r > 10 mm where 7 is the mean lifetime of a particle.

Particle-level electrons and muons from the signal sample are selected from the stable
particles and are required not to have been originated by an hadron, either directly or
via an intermediate 7 decay. Their momentum is calculated to include the radiation
loss due to final-state radiation (FSR) photons, classified as photons with AR < 0.1
that do not originate from hadron decays. pr and n requirements are the same of the
detector-level signal objects. Baseline leptons are defined with looser pr requirements of
4 GeV (muons) and 5 GeV (electrons) for the overlap removal (see Section 5.5).

Particle-level jets are reconstructed by clustering truth particles (excluding those iden-
tified as baseline leptons or neutrinos from electroweak boson decays), with the anti-k;
algorithm with radius parameter of R = 0.4. Baseline jets have to satisfy pr > 20 GeV
and |n| < 2.8, while signal jets have to satisfy pr > 25 GeV and |n| < 2.5.
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B-hadrons are matched to jets by using the ghost-association procedure [143] in which
truth jet clustering is run as usual, except with the energy of all B-hadrons set to a
negligible value. All the particle jets containing a constituent B-hadron are b-tagged
after this procedure.

An identical overlap removal procedure as the one illustrated in Section 5.5 is per-
formed with the truth-level objects.

6.4.1 Particle-level selection

Using particle-level baseline objects, two fiducial regions are defined by applying addi-
tional cuts that replicate the detector-level selections as closely as possible:

o one electron and one muon with pr > 28 GeV;
o at least two jets with pr > 25 GeV;
o at least two b-jets, tagged with the B-hadron ghost-association matching;

o mll. . region only: exactly two b-jets, tagged with the B-hadron ghost-

association matching.

These requirements define the particle-level fiducial regions. The measured observables
are unfolded to this phase space.
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In this chapter the analysis strategy used to measure the differential cross-sections of the
WbWb production is presented. In Section 7.1 the main classical unfolding technique
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is explained. In Sections 7.2 and 7.3 binning choice and unfolding tests are shown.
In Section 7.4 uncertainties are highlighted. Finally, in Section 7.5 a novel unfolding
method, developed by us, based on quantum annealing and its related implementation
software, called QUnfold, are presented. This latter software is tested on the same data
presented in Chapter 6 and results are shown in the next final chapter.

7.1 The unfolding method

A common problem in particle physics is the distortion of physical observables mea-
surements due to the finite resolution and limited geometrical acceptance of the particle
detector. Therefore the reconstructed distributions of physical quantities cannot be
compared to theoretical distributions, or among different experiments. Data need to be
corrected for these effects using the so-called unfolding procedure.

The purpose of this method is to return a distribution f(x) of a physical quantity x,
starting from the experimental measurement y with its distribution g(y), that is different
with respect to the true distribution, because of detector effects.

It is possible to classify detector effects in two categories:

o Limited acceptance effect: it means that not all the events are used in the
measurement of the physical quantity we are interested in, because of geometrical
acceptance and trigger selection efficiency.

o Limited resolution effect: it means that it is impossible to measure any physical
quantity with an infinite amount of accuracy. The true value of an observable
"migrates” in another piece of the observed distribution.

Therefore, y will be different from x, and the g(y) distribution will be smeared with
respect to f(x). The relation that links f(z) and g(x) is given by:

o(y) = / Ay, 2)f(x)da (7.1)

where A(y, x) is the smearing function and describes the detector effects on the measure-
ment.! MC simulations can be used to estimate A(y,z) and allow to evaluate detector
effects on f(z) using Eq. 7.1.

Basically, the unfolding procedure tries to infer the true distribution starting from
the reconstructed one. To solve this problem it is better to use binned values of x and y
and represent f(z) and g(y) as histograms.

The unfolding equation con be described as follows:

j=Rf (7.2)

Tt describes the probability to reconstruct a true x value as y.
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7.1. THE UNFOLDING METHOD

where R is a m X n matrix, called response matrix that contains the acceptance and
smearing informations of the reconstruction process?, f is an n-dimensional vector, called
true spectrum and ¢ is an m-dimensional vector, called reconstructed spectrum.

Starting from the response matrix, it is possible to construct another matrix, called
migration matrix, which is obtained through this relation:

1
A

J

M;; = —R;; (7.3)
where A; is the reconstruction efficiency in the true bin j. This matrix represents the
probability that an event generated and selected in bin j is reconstructed in bin 7. Usually,
this matrix is constructed in a way that columns elements are normalized to unity in a
way that, once the acceptance is accounted for, the probability to reconstruct an event
in any bin is 1.

If we would have infinite resolution and therefore no migrations (ideal situation), the
response matrix would be diagonal with the elements representing the reconstruction ef-
ficiency of the x quantity in the j-th bin®. In this ideal case, the unfolded spectrum could
be extracted from the reconstructed one, by simply dividing each bin in the reconstructed
spectrum by the reconstructed efficiency.

7.1.1 Iterative Bayesian approach

For this analysis it has been used a particular unfolding approach, called iterative
Bayesian unfolding. This procedure can be described as a “cause and effect” model,
based on the Bayes theorem [144, 145].

If we suppose to have, for the studied variables, n reconstructed bins and m truth
bins, we can define the “effect” E; as the n; events in the reconstructed bin j, while the
“cause” (C; as the n; events in the truth bin i. The effect is measured, but the cause
is impossible to identify, so it needs to be estimated. We define the probability for an
effect to come from a particular cause as P(E;|C;) and can be estimated by assuming
some information of the migration matrix and a measurement efficiency and resolution
calculated from MC.

This procedure can be performed by using a standard Bayesian inference analysis
[146]. The probability of a cause, given a particular effect, is given by the Bayes theorem:

P(E;|C;) - Po(Cy)

(GIE;) =1 P(E;|Ch) - Po(Ch)

(7.4)

2The R-matrix is generally not diagonal, due to the fact that some events generated in bin j could
be reconstructed in bin i # j. This phenomena is called bin migration.
3In this case the migration matrix would be the identity matrix.
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and the number of expected events in the i-th cause bin is:

A(Cy) = éZP(CiIEj)n(Ej) (7.5)

where n(£}) is the number of events in the effect bin j, P (C;) is the a priori probability
(prior) of the cause C; (usually taken from the MC simulation) and ¢; is the efficiency of
the selection in the bin <.

The population in the cause bins can be written in terms of the unfold matriz, defined
as:

ng
w(Cy) =Y My'n(E;). (7.6)
j=1
Here, the ./\/li_j1 it is defined as:

P(E;|Ci) - Po(Cy)

M = — - 7.7
! =1 PUECY) 325 P(ES|C) - Po(Ch) )
that is different from the inverse of M;;.
The posterior probability of each cause C; is evaluated as:
P(Cy) = ) (73)

2. UC5)

In the Iterative Bayesian unfolding method, n(C;) is obtained iteratively, applying Eqs
7.6 and 7.7 a number of times, each time replacing the prior probabilities in 7.7 with the
posterior probabilities from 7.8, after a polynomial fit.

Each of this iteration will give an improved estimation of the actual distribution,
until the algorithm reached a certain stability where each new result does not differ
significantly from the previous one.

This unfolding procedure is implemented in the analysis by using the package RooUnfold
[147, 148].

For the unfolding we also need to define the following variables:

o b: the expected background events distribution with n bins.

. N
o= recomvart ) centance factors: for each bin of the reconstructed distribution,

acc NZ
which corrects for reconstructed-level events which did not fall into the fiducial
region defined at particle-level and thus have no associated particle-value which
can be used during the unfolding. Therefore, it is defined as the fraction of signal
events reconstructed in this bin that also pass the particle-level selection. The bin

7 here is defined by the reconstructed-level value of the variable.
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. N
o ¢ = % efficiency factors: for each bin of the unfolded distribution, which
part
account for efficiency and acceptance losses on going from truth to reco. The bin

7 here is defined by the truth-level value of the variable.

For our analysis, the unfolding procedure acts as follows: for each observable, the
procedure starts from the number of events observed in data at reconstruction level
in bin j of the distribution (NZ_), from which the background contribution Ngkg is
subtracted. Then the acceptance, migration and efficiency corrections are applied. All
corrections are evaluated using the MC simulation of the signal sample.

The first step is the application of the acceptance correction f7 . The resulting
distribution is then unfolded to the particle level. The unfolding procedure uses as
input the migration matrix derived from the simulated signal sample which maps the
particle-level bin 4 in which an event falls to the bin j in which it is reconstructed. The
probability for particle-level events to be reconstructed in the same bin is represented
by the elements on the diagonal, and the off-diagonal elements represent the fraction of
particle-level events that migrate into other bins. Therefore, the elements of each row
sum to unity. For each observable, the number of bins is optimised such that the fraction
of events in the diagonal bins is always greater than 50%.

The last step is the application of the efficiency correction factor € to the unfolded
spectrum, correcting the result with a bin-by-bin factor into the fiducial phase-space.

An important application of the unfolding method is the measurement of the differ-
ential cross-section do of a process. The differential cross-section of interest is a function
of a kinematic variable X and the procedure to measure it can be summarized as follows:

dO'ﬁd ;
. N )
d X ﬁ AXl E Z M acc obs bkg) ) (7 9)

where the index j runs over bins of observable X at reconstruction level while the index
i labels bins at particle level, AX" is the bin width, £ is the integrated luminosity,
and the inverted migration matrix as obtained with the iterative unfolding procedure is
symbolised by M.

In this method, the initial prior probabilities are obtained from a reference truth
distribution.

The integrated fiducial cross-section ¢fid is obtained by integrating the differential
cross-section over the bins, and its value is used to compute the normalised differential

cross-sections: .
1 dofd

ofid dxi’
Examples of acceptance, efficiency and migration matrices for the m®. . variable are
shown in Figure 7.1. The full list of plots for each variable are presented in Appendix
C.1.

(7.10)
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Figure 7.1: The (left) acceptance (f,..) and (right) efficiency € corrections and (bottom)
the migration matrix for the m%, ;  variable. The nominal acceptance and efficiency
corrections, in black, are compared to the corrections obtained with some MC generators
used to evaluate the signal modelling uncertainties. In the migration matrix, only bins

where the migration is greater than 1% are shown.
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7.2 Binning choice and resolution studies

The binning optimization is based on the resolution of the ATLAS detector and recon-
struction algorithms and is performed for each variable separately. The influence of the
resolution is described by a matrix which relates a given variable at particle level and the
difference between the reconstructed level and particle level. Resolution matrices were
evaluated on simulation using a fine binning. The resolution is evaluated in each particle
level bin of the migration matrix by looking at the profile distribution and is defined
as the standard deviation of the difference between the reconstructed and particle level
values. In the case of a resolution perfectly gaussian the 68% of the events would lie in
+1 RMS.

This resolution-based binning has been derived by the following iterative formula from
the profile distributions:

IN+1 — TN

2 )
where Resol(yx) is the resolution function (RMS(yparticle — Yreco)) fOr a given variable in
the specified bin and x .1, xy are bin edges. The parameter ¢ is a parameter to account
for the possible non-gaussian shape of the resolution distributions. A scan over different
values of ¢ has been performed to asses its impact of the binning choice. In most of the
case values of § smaller than 1 already yields good results in terms of diagonality of the
migration matrix and stability against closure and stress tests, which are described in
Sections 7.3.1 and 7.3.2 respectively. An additional requirement of an expected statistical
error on the number of reconstructed events (using a rough definition of ogtar. = v/ Nevents)
in the given bin lower than 5% is applied.

For these studies, overflow bins have been ignored, but a special treatment was intro-
duced for the last bin during the computation: if the last bin was small, but not due to
the tight resolution, instead due to the reaching of the range limit of the histogram, last
and second to last bins were merged.

J - Resol(yn) > (7.11)

7.2.1 Unfolded distributions

A total of 11 observables have been chosen for the differential cross-section measurement.
The mP, . variable, described in Appendix B.2, is unfolded in the 2b-exclusive fiducial

phase-space, while variables related to the number of jets and the kinematics of jets,
leptons and EMss| are unfolded in the 2b-inclusive fiducial phase-space. Specifically:

j9t1/2

D . transverse momentum of the leading and subleading jet.
1
p;pl/ * ¢ transverse momentum of the leading and subleading lepton.

p : transverse momentum of the b-jet pair. The pair is built using the leading and
subleading b-jets.
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PP : transverse momentum of the bbll system. The system is built using the leading

and subleading b-jets and the two charged leptons.

m® : invariant mass of the bbll system.

m% . transverse mass of the bb4l system. The system is built using the leading and

subleading b-jets, the two charged leptons and the EX* as a proxy for the neutri-
nos.

P4 transverse momentum of the bb4l system.

Niets : number of jets.

Final binning choice of our variables can be found in Table 7.1.

Variable Bin edges

mbl. . 0,40,60,80,100,120,180,220,270,340,800

pﬂfeﬂ 25,40,60,75,105,145,200,260,400

p%fﬂ 25,40,60,75,105,145,200,260,400

plTep1 28,34,39,45,52,61,71,83,97,115,134,158,188,223,268,338,400
plTep2 28,32,37,44,51,61,73,88,105,123,150,182,400

poA 0,30,55,85,115,150,200,250,320,400,500,800

mbol 40,160,190,220,255,290,330,375,425,485,555,635,725,825,1000,1300,2000
m5H 120,225,275,325,380,450,520,600,700,820,960,1150,1400,2000
o 0,30,55,80,110,145,190,260,360,700

ol 0,30,55,85,115,150,200,250,320,400,500,800

Niets 2,3,4,5,6,7,> 8

Table 7.1: Binning choice for the unfolded variables. All variables, besides the number
of jets, are measured in GeV.

7.3 Unfolding validation tests

Some unfolding validation tests have been performed in order to test the efficiency of the
unfolding method used in the analysis. In Section 7.3.1 closure tests are described while
in Section 7.3.2 stress tests are presented.

Both closure and stress tests have been performed to assess the reliability and stability
of the chosen unfolding method. Non-closure was found to be at a sub-per-mill level
and is not used as a systematic uncertainty. Similarly, stress tests are extreme tests
of the unfolding procedure where spectra are reweighted much more than the typical
data/prediction differences, thus, no systematics is applied either.
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7.3.1 Closure tests

The POWHEG +PYTHIA 8 tt + tW sample is used to perform closure tests to demon-
strate that the unfolding procedure is stable with respect to statistical fluctuations in
the reconstructed spectrum. To perform these tests, the signal sample is split in two
statistically-independent sub-samples generated by assigning each event of the signal
sample to the two subsamples. The first sub-sample (half0) is filled with even-numbered
events, while, the second sub-sample (half1l) is filled with odd-numbered events. One
of these sub-samples is used as pseudo-data (half1), the other one, is considered as MC
signal (half0) and used for the evaluation of the unfolding corrections. The first step of
the closure tests consists of unfolding the pseudo-data sample by applying the corrections
obtained with the MC signal sample. Then the unfolded pseudo-data are compared to
the corresponding particle level spectra. For these tests two source of uncertainties are
defined: a ‘data stat’ to account for the limited statistics in the pseudo-data sample
and a ‘MC stat. to account for the limited statistics in the sample used to model the
corrections. The first is treated with the same procedure as the actual data statistical
uncertainty described in Section 7.4.5 with a difference in how the pseudo-experiments
are performed, since in this case instead of using a Poisson distribution centered on the
event count (weighted sum of the MC events) in each bin, a Gaussian distribution is
used, with mean the event count and RMS the square root of the sum of the weights
squared. The second component, MC stat., is defined in the same way of the MC stat.
systematic uncertainty described in Section 7.4.5. Using this two source of uncertainties,
a covariance matrix is built by summing up the two individual covariance matrices. Fi-
nally, the compatibility of the unfolded pseudo-data and its corresponding particle level
spectrum is evaluated using a x? test.

The plots show that the unfolded results are within the uncertainties and this is
also confirmed by the x? values in the tables below. In the first column of each table
the names of the observables are listed. The second and the third column respectively
show the x? compatibility divided by the degrees of freedom and the p-values between
the unfolded pseudo-data and the corresponding particle level spectrum in the case of
half0 as the prediction (column 2) or half1 (column 3). The covariance matrix used to
calculate the x? includes both the covariance matrix of the pseudo-data sample and the
covariance matrix of the MC sample. The number of degrees of freedom (NDF) is equal
to the number of bins in the (absolute) distribution.

In Figure 7.2 the closure tests for the mb, . variable with half0 as pseudo-data
and half1l as MC sample in the 2b-exclusive signal region are shown.

The other closure tests for the 2b-inclusive signal region are shown in Appendix C.2.
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Figure 7.2: Unfolding closure tests for the absolute (left) and relative (right) cross-section
measurement of the m?, . variable. The yellow band includes both the statistical

uncertainty on the pseudo-data sample (half0) and the uncertainty on the MC sample
(half1).

7.3.2 Stress tests

Due to the specific choice of the Monte Carlo sample for the training of the unfolding, it is
necessary to check whether this choice could introduce a bias via the unfolding. To do this
check the MC reweighting is required, in order to change the shapes of the distributions
and get a varied distribution used as pseudo-data. The obtained reweighted MC is then
unfolded with the nominal MC response and the result is compared to the reweighted
MC at particle-level. Non-closure would indicate that the unfolding introduces a bias
towards the training particle-level spectrum.

The final reweighted histograms have been then scaled by Nyominal/Nreweighted Where
Niominal and Nyeweighted are evaluated before any selection cuts, in order to preserve the
total cross-section. In general, the reweighting shapes have been chosen extreme enough
to put the unfolding procedure under a significant stress. As in the case of the closure
tests, two sources of uncertainties are taken into account: a ‘data stat.’ and ‘MC stat.
uncertainties. Their treatment is described in Section 7.3.1.

In Figure 7.3 the stress tests for the m? variable, using a reweighting function

minimax
based on the data/MC discrepancy for the m® spectrum are shown as an example.
lepl bjetl

minimax
In Figures 7.4 - 7.5 same tests are shown using respectively the p~" and p’" reweighting
functions.

The full list of the stress tests performed on the other variables are shown in Appendix

C.3.
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Figure 7.3: Unfolding stress tests for the absolute (left) and relative (right) cross-section
measurement of the mb. . variable, using the m®, . reweighting function. The

yellow band includes both the statistical uncertainty on the pseudo-data sample and the
uncertainty on the MC sample.
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Figure 7.4: Unfolding stress tests for the absolute (left) and relative (right) cross-section
measurement of the m®, . variable, using the plfpl reweighting function. The yellow

band includes both the statistical uncertainty on the pseudo-data sample and the uncer-
tainty on the MC sample.
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Figure 7.5: Unfolding stress tests for the absolute (left) and relative (right) cross-section
measurement of the m%, . variable, using the pJTetl reweighting function. The yellow

band includes both the statistical uncertainty on the pseudo-data sample and the uncer-
tainty on the MC sample.

Stressed data, unfolded with nominal (black marker) overlap with the truth of the
stress tests; this means that the unfolding lead us to the "right” truth distribution.

7.4 Uncertainties

Several sources of uncertainties affect the measured differential cross-sections. The sta-
tistical and systematic uncertainties due to detector effects and the ones related to the
modelling of the signal and background MC components, which were found to be the
most relevant ones, are described in this Section.

7.4.1 Uncertainty propagation

Each systematic uncertainty was evaluated at detector-level and then propagated through
the unfolding procedure (described in Section 7.1). Deviations from the nominal predic-
tions were evaluated separately for the upward and downward variations (or in the case of
a single variation by symmetrizing the single deviation) for each bin of each observable.

In general, the impact on the measurement of each source of uncertainty is evaluated
by unfolding the varied MC detector level spectra with nominal corrections and compar-
ing the unfolded result to the particle-level distribution of the generator corresponding to
the detector-level spectrum, which was unfolded (in essence, looking into a non-closure
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under different assumptions at the detector and the corrections levels). The relative
uncertainties evaluated with this procedure are directly applied to unfolded data.

The signal modeling systematic uncertainties are evaluated in a different way due to
the need to compare to different predictions (particle-level distributions). The alternative
MC (MC B) is used as the pretend data and is unfolded using the corrections coming
from the nominal sample (using the AFII corrections if MC B is AFII). The unfolded
result is compared to the truth spectrum of MC B, and the relative uncertainty is finally
applied to the unfolded data.

The detector-related uncertainties are briefly described in Section 7.4.2, while the
uncertainties on the signal modelling are described in Section 7.4.3 and the ones related
to background modelling are discussed in Section 7.4.4. Finally, in Section 7.4.6 the
systematics uncertainties breakdown is presented.

7.4.2 Detector-related systematics

The detector systematics can be split into two types: one type where the systematic
is assessed by applying event weights to the simulated events (e.g. trigger efficiency
uncertainties) and the second type where the systematic is assessed by modifying the
four-vector(s) of some of the selected objects (e.g. jet energy scale uncertainties).

Leptons

Electrons and muons both have uncertainties associated with the understanding of the
energy / momentum scale and resolution. These variations modify the momentum of the
leptons. The calibration of the efficiency of the lepton reconstruction and identification
comes with associated uncertainties and these are propagated via changes to the scale
factors for the leptons. In a similar way, the scale factors for the trigger efficiencies are
varied to account for uncertainties in the measurements of the trigger efficiencies of the
lepton triggers.

Uncertainties affecting the momentum scale, resolution and trigger, reconstruction,
identification and isolation efficiency of the electrons and muons are estimated using
Z — ee/up and W — ev samples, with the procedure described in [149, 150].

Jets

The impact of the uncertainty on the jet-energy scale and resolution was estimated by
varying the jet energies according to the uncertainties derived from simulation and in-
situ calibration measurements, following the final recommendations for the full Run 2
data reprocessed with the ATLAS software release 21 [151].

The uncertainty originating from the JVT requirement on jets is assessed by varying
the scale factor associated with the JVT requirement [76].
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b-tagging

The identification of jets which originate from a b-hadron is performed using a multi-
variate algorithm, DL1r [152]. Scale factors are applied to simulations to correct the jet
flavour tagging efficiencies to match those in data [153, 154, 155]. The corrections are
applied for the tagging efficiency of b-jets and the mis-tag rates of ¢- and light-jets, in
bins of the PCB scores, with corresponding uncertainties derived for each jet flavour.
A principle component analysis is performed to diagonalize the covariance matrix given
the input systematic uncertainties considered in the calibration of the tagging efficien-
cies. This results in a number of orthogonal eigen-variations for each jet flavour, which
are then used as nuisance parameters in this analysis. These nuisance parameters are
labelled as b-tagging DL1r [B, C, Light].

Three additional components labelled as Jet PCBT high pr [1j,bj,cj] correspond
to the uncertainties associated with the efficiency extrapolation to high jet pr The un-
certainties for the high jet pr are derived separately for b-jets, c- and light-jets.

Missing transverse energy

The uncertainties on the energy scales and resolutions of the reconstructed leptons and
jets are propagated to the missing transverse momentum in a correlated way.

In addition, there are scale and resolution uncertainties associated with the soft term
that are independent uncertainty components [156, 157]. These uncertainties modify
the magnitude and direction of the missing transverse momentum vector. These contri-
butions were evaluated using Z — pu events from the E2 data/MC ratio in events
without jets and from the balance between soft terms and hard objects using methods
similar to those used in Ref. [157].

Pileup modelling

The uncertainty on the reweighting procedure used to correct the pile-up profile in MC
to match the data is obtained by varying by 1o the scale factors.

7.4.3 Signal modelling systematics

Our limited understanding of the generators modelling the signal processes is a significant
source of uncertainty. The impact of this kind of uncertainties has been evaluated using
alternative predictions that are described in Chapter 6, following the procedure described
in Section 7.4.1.
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tW and tt normalization

Differential cross-section measurements are typically insensitive to the overall normaliza-
tion of the signal sample. This is because the signal sample contributes to the unfolding
only through efficiency, acceptance, and migration corrections. These corrections, being
yield ratios, do not depend on the total cross-section. This principle holds when the
signal sample consists of a single process, as in the case of ¢t differential cross-sections.
However, in this analysis, the signal comprises the sum of two processes: the tW and tt
production. This composition makes the unfolding corrections sensitive to the relative
normalization between the two processes. For instance, the dependence on the total
cross-section in the case of the efficiency correction can be explicitly shown as follows:

truth,reco truth,reco
Niw + Ny
truth truth
N + Ny

truth,reco truth,reco
NtW Nt[

EtW it —

- -
truth truth truth truth
NtW _'_Ntf NtW +Nt£
ow Ott
= —" e+ —2 ¢ (7.12)
Oww + O Oww + O

Consequently, we consider two sources of systematic uncertainty: ‘¢t normalization’ and
‘tW normalization’. These uncertainties are defined by independently varying the nor-
malization of the tf and tWW samples, while keeping the rest at their nominal normal-
ization. The variations are defined by rescaling the samples by 1 + ¢,,, where ¢, is
the relative error on the t¢ (NNLO+NNLL) and tW (NLO+NNLO) cross-sections, as
described in Section 6.2.1.

Hadronization model

The uncertainty due to the choice of the hadronization model and other non-perturbative
aspects of the parton shower is evaluated using the POWHEG+Herwig7.1.3 and
POWHEG-+Herwig7.0.4 samples for the ¢t and tW processes, respectively. Since the tW
process in POWHEG+Herwig? is produced with fixed scales, this uncertainty is evaluated
by employing the tWW POWHEG+PYTHIA8 sample produced with fixed scales.

Scales

The uncertainty due to the choice of the p, and p; scales in the hard-scatter and in the
showering is evaluated using a prediction obtained with POWHEG+PYTHIAS, where i,
and y¢ in the hard scatter are varied independently by a factor 0.5 and 2.0 and the scales
in the showering are varied accordingly to the Var3c eigentune of the A14 tune [158].
These variations affect mainly ISR.
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Final state radiation

The uncertainty due to the FSR simulation is obtained using a POWHEG+PYTHIAS
sample where the renormalization scale used in the final-state shower is varied by a
factor 2 and 0.5 with respect to the nominal value.

hdamp

Another parameter affecting the additional radiation is hgamp. The uncertainty due to
the choice of this parameter is estimated independently from the other ISR components
using a dedicated POWHEG+PYTHIAS sample where Aqamp is multiplied by a factor 2
with respect to the nominal value.

Matrix-element matching

The matrix-element matching uncertainty is evaluated by comparing the nominal sample
with an alternative sample obtained setting the pr h..q parameter in Pythia8 to 1 and
comparing it to the nominal sample, in which the parameter is set to 0. This parameter
regulates the definition of the vetoed region of the showering, which is important to avoid
hole/overlap in the phase space filled by PowhegBox and Pythia8. This prescription is
based on the studies described in [113, 114].

Recoil uncertainty

The recoil uncertainty of the top pair system is evaluated by comparing the nominal
sample with an alternative sample using a different recoil strategy described in Section
6.2.2. Similarly to the above uncertainty, only the top pair component of the signal is
modified in the alternative sample.

Top-quark mass

The top-quark mass is known with a precision of around 0.5 GeV [159]. This can impact
the analysis because the kinematics of the decay products (and hence the probability
to pass the selection requirements) depends on the top-quark mass. The uncertainty is
estimated by using two additional simulated samples with varied top-quark mass values
of 169 GeV and 176 GeV. These samples otherwise have the same setup as the nominal
tt sample and are used to evaluate an uncertainty via the unfolding result, identically
to other modelling effects. The final uncertainty is then scaled by 1/7 to match the
effect of a 0.5 GeV shift in the top-quark mass. The uncertainty of 0.5 GeV is obtained
from events in the full phase-space. As the top-quark mass is Lorentz invariant, it is
appropriate to apply this top-quark mass value and uncertainty to the limited phase-
space used in the analysis.
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PDF

The effect of a different PDF choice modifies the efficiency, acceptance and the response
matrix, i.e. the corrections used to correct the spectrum at the detector level to the
particle level. The impact of the choice of different PDF sets has been assessed by
applying an event-by-event reweighting procedure to the nominal POWHEG+PYTHIAS
tt and tW samples following the PDFALHC15 prescription [160]. The 30 variations
PDF4LHC15 set were combined to define a relative uncertainty as

> (Ui Ro — Ty)?

1€sets

dppF = T,
where the 0 (i) subscripts denote the PDF4LHC15 central (varied) PDF set, R represents
the distribution at the detector level while T" symbolizes the distribution at the particle
level, and the unfolding procedure is shortened into the U operator, with subscript on
each characterizing the PDF set used to evaluate the spectrum or the corrections. The
resulting uncertainties are found to be at the sub-percent level, with few excesses to 1
or 2% in low statistics bins.

Treatment of the ¢t/tW interference

Another component of the uncertainty is represented by the difference between the two
approaches diagram removal and diagram subtraction, used to remove the overlap be-
tween the ¢t and tW productions. This uncertainty only affects the t{WW component of
the signal; the tWpg sample is used instead of the tWpgr to form the alternative signal,
with #f remaining the nominal for the alternative sample.

7.4.4 Uncertainties on the background processes

Several backgrounds enter the signal region estimation, therefore several uncertainties
are associated to them.

Z+jets

A global uncertainty, based on ay, PDF and scale variations and calculated in [161], is
applied to the MC prediction of the Z+jets background components. These uncertain-
ties, evaluated in bins of jet multiplicity, take into account variations of PDFs, ay, up
and pg.
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Diboson and ttV

The uncertainty on the cross-section calculation for the processes ttZ, ttW and ttH
composing the ¢V sample are respectively 13.3%, 12.5% and 9.9% [127]. In the analysis
a conservative uncertainty of 13.3% is considered for all the three processes.

Background from fake and non-prompt leptons

A 50% normalization uncertainty is assigned to this background to reflect the uncertainty
in evaluating it from MC. This has been validated in regions with similar kinematic cuts
as the signal regions but with the two leptons of the same charge, where the contribution
of events with fake/non-prompt leptons is expected to dominate.

7.4.5 Other uncertainties
Finite MC sample statistics

To account for the limited statistics of the Monte Carlo samples, pseudo experiments
are used to evaluate the impact of finite statistics. The number of events in each bin
is smeared by a Gaussian shift with mean equal to the yield of the bin, and standard
deviation equal to the uncertainty of the bin. Then, the smeared spectrum is unfolded.
The procedure is replicated 10k times, then the final statistical uncertainty is evaluated
from the RMS over the 10k toys. The resulting systematic uncertainty was found to be
typically below 0.5%), increasing to 1 — 2% in the tails of some distributions.

Integrated luminosity

The uncertainty in the combined 2015-2018 integrated luminosity is 0.83% [162], ob-
tained using the LUCID-2 detector [163] for the primary luminosity measurements, com-
plemented by measurements using the inner detector and calorimeters. This uncertainty
is propagated to the unfolded results by varying the luminosity by 4+0.83% in the recon-
structed simulated spectra and unfolding them using the nominal corrections.

Data statistics

The uncertainty due to the data statistics is propagated through the unfolding by creating
Poisson smeared pseudo-experiments that are passed through the unfolding procedure.

7.4.6 Systematic uncertainties breakdown

In this section summary plots of the uncertainties on the measured differential cross-
section in the 2b-exclusive and inclusive signal regions are presented.
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The plots show the fractional uncertainties on the measured differential cross-sections,
for the absolute and relative measurements, for the different observables. The uncertain-
ties are grouped in the following categories:

o Parton shower: uncertainties related to the parton shower modelling, as described
in Section 7.4.3.

o Hard scattering: uncertainties related to the hard scattering modelling, which
include the matching uncertainties, as described in Section 7.4.3.

» Generator parameters: uncertainties related to the choice of the generator param-
eters, such as the hqamp parameter, the top-quark mass, the renormalization and
factorization scales, the ISR and FSR parameters, the PDF and the Monte Carlo
statistics, as described in Sections 7.4.3 and 7.4.5.

» Jets: uncertainties related to the jet energy scale and resolution, as well as the
JVT scale factor, as described in 7.4.2.

o ¢t modelling: uncertainties that affect the modelling of the ¢ component of the

signal such as the ¢ normalization and the recoil to top, as described in Sections
6.2.1 and 7.4.3.

o tW modelling: uncertainties that affect the modelling of the tWW component of the
signal, specifically the uncertainty on the tWW cross-section and the uncertainty on
the tW diagram removal procedure, as described in Section 7.4.3.

o Flavour tagging: uncertainties related to the b-tag scale factors, as described in
Section 7.4.2.

o Background: uncertainties related to the background modelling, as described in
Section 7.4.4.

The statistical and total uncertainties are shown as well. Minor sources of uncertainties,
such as those related to the leptons and EZ. are not shown in the plots.
The summary of the fractional uncertainties on the measured absolute and relative
differential cross-sections as a function of m?, . = is presented in Figure 7.6.
Summary plots of the fractional uncertainties for the measured normalised differen-
tial cross-sections in the 2b-inclusive signal region are shown in Figures 7.7 - 7.9. The
corresponding plots for the absolute differential cross-sections are shown in Appendix

C.4.1.
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Figure 7.6: Uncertainties breakdown for the absolute (left) and relative (right) cross-
section measurement of the m® observable.
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Figure 7.7: Uncertainties breakdown for the relative cross-section measurement of the
leading (left) and subleading (right) lepton pr.
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Figure 7.8: Uncertainties breakdown for the relative cross-section measurement of the a
leading and b subleading jet pr, ¢ number of jets and d the pt of the bb system.
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Figure 7.9: Uncertainties breakdown for the relative cross-section measurement of the a
pr and b my of the bb4l system, and ¢ pr and d mass of the bbll system.
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7.4.7 Covariance matrices

The covariance matrix incorporates the statistical uncertainty and the systematic
uncertainties from detector, signal and background modelling, described in the previous
sections.

For each source of systematic uncertainty, the corresponding covariance matrix is
computed using this formula:

Ci11 €Ci12 ... Cin
Co1 C292 ... Cop
Cnl1 Cp2 ... Cppn

where ¢;; = 0, - 0, with o; defined as:

2
where du; is the “up” variation of a given uncertainty in bin ¢ and dd; is the respective
“down” variation.
The sign of ¢ is defined in the following way:

(7.14)

o If du-0d < 0: sign(o) = sign(du).
o Else if du-dd > 0 and |u| > |d|: sign(o) = sign(du).
o Elseif du-dd > 0 and |u| < |d|: sign(o) = — sign(du).

The statistical components (both for data statistics and Monte carlo statistics) are
obtained performing pseudo-experiments, as described in Section 7.4.5. FEach pseudo-
experiment is unfolded and the covariance c¢;; is defined as:

iy = (i — (@) (2; — (&) (7.15)

where z; and x; are the post-unfolding values of the pseudo-experiments in bins 7 and j.

The systematic component of the covariance matrix is defined as the sum of each
covariance matrix for each systematic and the total covariance matrix is defined as the
sum of the systematic and the statistical components.

7.5 The QUnfold package

Along with the main analysis work, I developed (along with two other collegues) a
new unfolding method based on quantum annealing and a software related to it, called
QUnfold. A deep explanation about its structure and functionalities are explained in the
following subsections.
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7.5.1 Quantum computing

Quantum computing is a science based on principles of quantum mechanics and informa-
tion theory. Quantum algorithms are particular algorithms that exploit some properties
deriving from quantum mechanics; some examples are the Shor [164] and Groover [165]
algorithms. In order to work, quantum algorithms need to operate through computers
capable of manipulating objects in which the quantum component is sufficiently manifest:
such computers are called quantum computers [166].

Quantum computations is based on 3 fundamental quantum concepts:

e Superposition principle
o Quantum entanglement
o Tunneling effect

In classical computing the unit of measurement of the information is the bit, which can
assume values 0 or 1. Classical computing is performed by creating classical circuits
which are processed by the Central Processing Unit (CPU).

On the other side, the unit of measurement of the quantum information is the qubit
(quantum bit) which is represented by a mix of 0 and 1 states. Qubit manifests evidence
of quantum computing properties like superposition and can be represented by an atom,
a trapped ion or other similar entities.

Quantum computation is represented through quantum circuits which make use of
gates which do not have a counterpart in classical logical circuits. An example is shown
in Figure 7.10. These quantum circuits are processed by the Quantum Processing Unit

(QPU).
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Figure 7.10: Example of quantum circuit of the Bernstein-Vazirani algorithm, drawn
using the Qiskit package [167].
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7.5.2 Quantum annealing and D-Wave

Quantum annealing is a particular quantum algorithm which does not make use of quan-
tum gates in order to perform computations. This algorithm is based on the minimization
of a cost function which has the form of an Hamiltonian, which represents the energy of
a system and is commonly used to solve optimization problems.

In an optimization problem you search for the best of many possible combinations.
These problems include scheduling challenges, such as "What is the most efficient route
a traveling salesperson should take to visit different cities?”.

Physics can help solve these sort of problems because you can frame them as energy
minimization problems. A fundamental rule of physics is that everything tends to seek
a minimum energy state; this behavior is also true in the world of quantum physics.
Quantum annealing simply uses quantum physics to find low-energy states of a problem
and therefore the optimal or near-optimal combination of elements [168].

Quantum annealing algorithm works in the following way: the quantum mechanical
system is prepared in the known ground-state of an initial hamiltonian Hj,;; while the
target solution is encoded in the ground-state of a final Hamiltonian Hg,, written as the
cost function of a Quadratic Unconstrained Binary Optimization (QUBO) problem [169].
The system evolution is controlled by the following time-dependent Hamiltonian:

H(t) = A(t) Hise + B(t) Hen (7.16)

At the time t = 0, B(t) = 0 while at ¢ = tanneal, A(t) = 0 where tannea is called annealing
time and represents the time needed to reach the low energy state. In Figure 7.11 the
evolution of the Hamiltonian H (¢) coefficients A(t) and B(t) over time is shown. Thanks
to the quantum adiabatic theorem, if the evolution is slow enough, the quantum-
mechanical system stays close the ground-state of the instantaneous Hamiltonian [170].
In Figure 7.12 a sketch of the evolution of the Hamiltonian H(¢) is presented. The
QUBO Hamiltonian must have the following form in order to ensure the convergence of
the annealing procedure into the required solution:

Hﬁn = HQUBO = Z a; r; + Z bi,j(L’iCL’j (717)

A i,]
where z; € {0,1} and a;,b; ; € R.

A QUBO problem is defined using an upper-diagonal matrix Q, which is an N x N
upper-triangular matrix of real weights, where a; = Q;; and b; ; = @Q; ;. The purpose
of the annealing is to minimize the QUBO Hamiltonian and extract the ground-state
energy solution, which represents the solution of the combinatorial problem.

This formulation can also be expressed in a most concised form:

. T —
: 7.18
c<loe )
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Figure 7.11: Evolution of the Hamiltonian H(t) coefficients A(t) and B(t) over time.
Annealing begins at t = 0 (called also s) with A(t) > B(t) and ends at s = 1 with

A(t) < B(s). Data shown are representative of D-Wave 2X systems.
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Figure 7.12: Evolution of the Hamiltonian H (t) of a quantum mechanical system during

quantum annealing.
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Figure 7.13: Sketch of one of the D-Wave quantum annealers.

The D-Wave company is the only commerical quantum annealing machines provider so
far (see Figure 7.13). The D-Wave QPU is a lattice of interconnected superconducting
qubits [171] operating at around 15 mK and with a fixed limited topology. While some
qubits connect to others via couplers, the D-Wave QPU is not fully connected. Instead,
the qubits of D-Wave annealing quantum computers interconnect in some particular
topologies. In Figure 7.14 an example of the Pegasus topology in D-Wave Advantage is
shown. D-Wave Advantage is currently their best quantum annealer and counts more
than 5000 qubits with more than 35.000 couplers.

This company gives also the possibility to run 1 min/month of jobs in its QPU for
free. In order to get more QPU resources we got a collaboration with the CINECA
company*.

‘https://www.cineca.it/
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Figure 7.14: Pegasus topology of D-Wave Advantage.

7.5.3 Unfolding with quantum annealing

The unfolding method has been already introduced and explained in Section 7.1. In
this section we will present a novel approach which makes use of the power of quantum
annealing in order to solve the unfolding problem. A first proposal to this approach has
been already presented in a 2019 work, in which a smaller version of D-Wave (2000Q)
was used [172].

Before introducing benefits of quantum annealing into unfolding, we will introduce
another possible approach to solve Eq. 7.2 based on a log-likelihood maximization.

This approach consists of constraining the truth-level distribution ¢ by maximizing a
likelihood function L£(u|d) that depends on the estimated reco-level spectrum pu = 1(6)
and observed data d. In the case of a counting experiment, the likelihood is usually the
product of Poisson or Gaussian, in the limit of large y, distributions for each bin. The
truth-level unfolded distribution 6 is expected to ideally show a good degree of regularity.
The most usual way to achieve this behaviour is to impose an additional constraint in
the form of a Lagrange multiplier, added to the likelihood function, whose effect is to
favour smooth solutions. The strength of the regularization parameter can be controlled
by an additional parameter 5. A common measure of smoothness to be minimized is the
second derivative of the distribution, but any other order derivative can be used. This
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procedure is called Tikhonov reqularization.
The likelihood to be minimized is thus:

L(fi|d) = <H Poiss (pi,di)> x e PP (7.19)

where:
d;
Poiss(u;, d;) = 'Z;' et (7.20)
L
pi=>_ Ryb;, (7.21)
Njfl
p=> (O1+ 0,1 —20)) (7.22)

J

The logarithm of the likelihood is preferrable to be minimized for numerical stability
reasons.
At this point the unfolded distribution can be obtained in this way:

-

max(log £(7id) + AS(7)) (7.23)

where the second term is called reqularization term and A is the reqularization parameter.
Before implementing quantum annealing in this machinery, we need to express the Eq.
7.19 in terms of a binary optimization, becase a QUBO model requires binary variables
in order to work (see Eq. 7.17).
First of all, the maximization described in Eq. 7.23 can be rewritten into a minimiza-
tion procedure, following the steps explained in [173] and assuming a normal distribution
in each bin (Gaussian approrimation). We get:

min(|R7 — d® + \|D7|?) (7.24)

where R is the response matrix and D is the Laplacian operator.
Thus, the objective function to be minimized is:

j= R —d|* + \|DZ|? (7.25)

Through computations [172] it is possible to obtain two coefficients:
i=—2R"d (7.26)
B=R'R+\G'G (7.27)
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which are part of the final reformulation of the objective function:
j=a- 7+ 7 BT (7.28)

Eq. 7.28 has the same form of Eq. 7.17 but it is not yet a QUBO hamiltonian because
@ variables are still integers (bin contents). Before rewriting it as a QUBO hamiltonian
we need to encode variables from integer to binary. A binarization process based on the
logarithmic encoding of the variables has been performed and the PyQUBO library [174]
has been used for this purpose.

Finally, the number of variables, and therefore the number of logical qubits needed
to solve Eq. 7.28 is given by:

Nbins

Nqubits X Z 1Og2 (Néntries) (729)
i=1

where Ny, is the number of bins of the given histogram while Ngyies 1S the vector of
the number of entries in each bin. Eq. 7.29 is very important to have an idea of how
many logical qubits are required to solve the unfolding problem on a given distribution.
For example, for a Gaussian distribution with Ny, = 20 and Neptries = 5.000.000,
Nqubits = 350. This implies that almost every unfolding problem related to LHC-size
data can be afforded, because D-Wave currently counts around 5000 physical qubits®.

7.5.4 The QUnfold library

We developed an open-source Python library capable of unfolding statistical distributions
using the approach described in Section 7.5.3. This library name is QUnfold [175].

QUnfold relies on NumPy [176] library for linear algebra computation and on the D-
Wave Ocean SDK to interface with quantum annealing® and is designed to work with
real-scale HEP applications. This means that it can be used in every existing analysis
since the implemented model is capable of working with LHC-size data, as explained at
the end of Section 7.5.3.

The library is publicly available on GitHub” and PyPi® and is designed to be very
intuitive and simple: an example of its interface usage is shown in Listing 7.1. After
preparing the model for unfolding it is possible to choose which solver method to use.
Currently there are three solver methods available on QUnfold which are based on the
D-Wave SDK samplers:

5The number of physical qubits is different from the number of logical qubits, but having the number
of logical qubits is still a good starting point to have an idea of the complexity of a given problem.

6The library is also fully compatible with ROOT [177] since converters from NumPy to ROOT are available
in the utils modules.

"https://github.com/JustWhit3/QUnfold

8https://pypi.org/project/QUnfold/
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# Import QUnfold base class and plotter
from QUnfold import QUnfoldQUBO

# Read numpy data from a file or sample them
truth = ... # truth distribution

measured = # measured distribution
response = # response matrix
binning = ... # binning of the distributions

# Run unfolding

unfolder = QUnfoldQUBO(response, measured, lam=0.1)

unfolder.initialize _qubo_model ()

unfolded_SA, cov_matrix_SA =
unfolder.solve_simulated_annealing (num_reads=10,
num_toys=100)

Listing 7.1: Example of QUnfold usage using simulated annealing solver.

 Simulated annealing sampler (CPU).
« Quantum annealing sampler (QPU).
o Hybrid sampler (CPU + QPU).

In 2024 a bachelor’s thesis about this library has been produced [178].

7.5.5 Tests on simulated data

To test our software in a realistic frame we decided to simulate a common physics process
widely studied at the LHC: the tf process. This process can be obtained by the interaction
of a top and anti-top quarks. We selected the dileptonic channel which is the one with
two leptons and at least two b-jets in the final state. The final choice is represented by
the following process:

pp — tt — WbWb — l1buy, lsbur, (7.30)

where p are protons, t are top quarks, W are weak interaction bosons, b are top quarks,
[ are leptons and v are neutrinos, particles with a bar represents the corresponding
anti-particle.

We generated ~ 2.5 million events using the Madgraph generator (truth distribution)
and we interfaced it with the Delphes simulator [179] to simulate detector-level data
(measured distribution).

123




7.5. THE QUNFOLD PACKAGE

Our techniques consisted of using simulated and hybrid solvers of our library and
compare them with two common HEP unfolding methods: matrix inversion® and IBU,
which are implemented in the RooUnfold framework [147]. Some MC-based pseudo-
experiments were run to compute the covariance matrix for evaluating the quality of
the result, using y? test-statistic!’, and estimating the statistical errors associated to
the unfolding method. At the end we decided to unfold only four observables which
are interesting to analyze: the leading and subleading lepton pr and the leading and
subleading lepton 7ns. Results are shown in Figure 7.15. From the plots it is possible
to observe that QUnfold works very well compared to IBU and sometimes even better,
particularly in scenarios where the classical methods struggle with instability or noise.
The hybrid solver solution is a bit unstable, but this is due to the D-Wave hybrid solver
which is constrained to hardware limitations.

9As mentioned in Section 7.1 the matrix inversion method is never used in practice, but we decided
to show him since from the theoretical point of view is interesting to see.

10The smaller the x? is, the better the unfolding method has been to reconstruct the unfolded distri-
bution.
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Figure 7.15: Unfolding of (a) leading lepton pz, (b) subleading lepton pr, (c) leading
lepton 7 and (d) subleading lepton 7.
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7.5.6 The PyXSec framework

The QUnfold library is designed to work with plain unfolding, without taking into ac-
count other possible applications like its usage in the measurement of differential cross-
sections of particle physics processes. In order to make QUnfold useful for measuring
differential cross-sections we decided to design another Python framework which makes
use of QUnfold to perform this task.

This framework is called PyXSec and is open source and publicly available on GitHub!!.

The main purpose of this software is basically to solve Eq. 7.9 using classical and
quantum computing techniques and is mainly used to obtain results presented in Section
8.3.

Uhttps://github.com/JustWhit3/PyXSec
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In this chapter the main results of the analysis are presented. The metric used to
assess the level of agreement between the measured cross-sections and the NLO+PS
predictions is shown in Section 8.1. The measured differential cross-sections in the 2b-
exclusive and 2b-inclusive regions are presented in Sections 8.2.1 and 8.2.2 respectively.
To better compare the data with the different predictions, each distribution is presented
twice; in Figures (a), the unfolded data are compared with theoretical predictions from
different generators with variations sensitive to different interference models, while in
Figure (b) the other MC used in the analysis are presented. The agreement of the
different models with the measured differential cross-sections is assessed by computing
the x2, and corresponding p-values, of the unfolded data with respect to the theoretical
predictions employing the full covariance matrix.

Finally, in Sections 8.3.1 and 8.3.2 the measured differential cross-sections in the
2b-exclusive and 2b-inclusive regions performed using the QUnfold software are shown
as a feasibility study. These latter plots are performed using the simulated annealing
backend of DWave, described in Section 7.5.4. This choice is lead by the fact that hybrid
and quantum solvers are unstable due to hardware limitations and, nowadays, are not
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enough powerful to solve LHC-size problems. The purpose of these results is not to
demonstrate that QUnfold works better than the standard classical cases, but to show
that it is possible to perform such analysis using quantum computation, therefore this
needs to be considered as a pure feasibility study.

8.1 y? calculation

The level of agreement between the measured cross-sections and the predictions is evalu-
ated using a x? test-statistic. The p-value is extracted from the reduced x? distribution.
The x? are computed using this formula:

2=V x Cov ! xV (8.1)

where Cov is the covariance matrix, described in Section 7.4.7 and V' represents the
vector of residuals, defined as the difference between the measured differential cross-
section and the prediction.

For normalised differential cross-sections the vector of differences between data and
predictions Vy, is replaced with Vy,_1, which is the same quantity, but obtained discard-
ing the last one of the NNV, elements and, consequently, Covy,_; is the (N, — 1) x (N, — 1)
sub-matrix derived from the full covariance matrix of the normalised measurements by
discarding the corresponding row and column. The sub-matrix obtained in this way is
invertible and allows the x? to be computed. The x? value does not depend on the choice
of the element discarded for the vector Vi, _; and the corresponding sub-matrix Covy,_1.
In this case, the NDF becomes N, — 1

The full list of the correlation matrices can be found in Appendix D.1.

8.2 Results

8.2.1 Differential cross-sections in the 2b-exclusive region

The absolute and relative cross-section measurement as a function of m%, . are shown

in Figures 8.1 - 8.2. The measurement is compared with predictions obtained with
different MC generators and different interference schemes.

For each plot shown below, in the top panel, the unfolded data are shown as black
points, while lines indicate the MC predictions. Uncertainties are shown by the shaded
bands. The lower panel shows the ratio of the MC predictions to the unfolded data.

x? and p-values of results are shown in Tables 8.1 and 8.2 for the different predictions.

The tW DR sample with dynamic scale is the only model compatible with data; none
of the other predictions can reproduce the shape of the tail of the m”. . distribution.

A special mention should be given to bb4l as this should be the best model to describe the
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PWGHPYS (hiamp) | PWGHPYS (priad) | PWG+PYS (NNLO REW.) | PWG-+PYS (RECOIL) | PWG+HT (fix)

Observable x?/NDF p-value | x*/NDF p-value | x?/NDF p-value | x?/NDF p-value | x*/NDF  p-value
MY imax (norm.) | 19.1/9 0.02 | 12.1/9 0.21 | 12.8/9 0.17 | 11.4/9 0.25 | 28.3/9 <0.01
M imax (abs.) 25.3/10 <0.01 | 14.2/10 0.17 | 13.6/10 0.19 | 14.4/10 0.16 | 30.9/10  <0.01

Table 8.1: x? and p-values quantifying the level of agreement between the measured
differential cross-sections and predictions provided by different MC generators.

Observable PWG+PY8 PWG+PYS8 (FIX) | PWG+PYS8 (bb4l) | PWG+PYS8 (F1x, DS) | PWG+PY8 (DS)

) ] X?/NDF  p-value | x*/NDF  p-value | x>/NDF  p-value | x*/NDF pvalue | y2/NDF  p-value

M e (mOTML) | 12.7/9 0.18 | 30.7/9 <0.01| 28.9/9 <0.01 | 40.9/9 <0.01 | 39.1/9 <0.01
mbl o (abs) | 144/10  0.16 ‘ 36.8/10  <0.01 ‘ 19.4/10 <001 ‘ 60.4/10 <001 | 575/10 <001

Table 8.2: x? and p-values quantifying the level of agreement between the measured
differential cross-sections and predictions provided by POWHEG+PYTHIA 8 with different
schemes for handling the ¢t/¢tW interference.

interference but unfortunately this is not the case. In the absolute cross-section shown in
Figure 8.1, the bb4l prediction has a visible offset in the predictions; this is due to the lack
of corrections (k-factors) that are used to normalize all other samples to the higher order
prediction. Unfortunately, even in the normalized cross-section (shown in Figure 8.2b)
where this effect is removed, the bb4l prediction underestimates the cross-section in the
tail of the distribution where the impact of the interference is larger. This measurement
will be crucial for improving future versions of the bb4l generator. It must also be noted
that the PWG+PY8 (DS) predictions are almost identical for both dynamic and fixed
scales; they are the least compatible with the data and the only ones being incompatible
with the data from ~ 173 GeV.

8.2.2 Differential cross-sections in the 2b-inclusive region

The relative cross-sections measurements as a function of the kinematic variables of
the WbWb final-state objects are presented in Figures 8.3 - 8.4 for leading lepton and
sub-leading lepton pr and in Figures 8.5 - 8.6 for leading jet and sub-leading jet pr.
Cross-sections as a function of the additional jet multiplicity are shown in Figure 8.7.
The distributions of the pr and mr of the bb4l system, defined as the magnitude and
transverse mass' of the vector sum of pyp of the two leading b-jets, the two leptons and
the MET, is shown in Figures 8.8 - 8.9 respectively. Finally, normalised cross-section as
a function of the mass and pr of the bbll system and the pr of the bb system are shown
in Figures 8.10 - 8.12; the two leading b-jets are used in these variables. These variables
were chosen as they are sensitive to many MC parameters and in some cases have been
used extensively for MC optimisation.

The corresponding plots, for the absolute differential cross-sections, are presented in

e = VE? = 2
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Figure 8.3: Relative differential cross-section measurement as a function of the leading
lepton pr compared to interference generators (right) and MC generators (left).

x? and p-values of results are shown in Tables 8.3 and 8.4 for the different predictions.

Observable PWGHPY8 (hqamp) | PWG+PYS8 (pryaa) | PWG+PY8 (NNLO REW.) | PWG+PYS8 (RECOIL) | PWG+HHT (FIX)
o x?/NDF p-value | x?/NDF p-value | x?/NDF p-value | x%/NDF p-value | x2/NDF  p-value
o 11.6/8 <0.01 | 19.5/8 0.01| 7.1/8 0.53 | 13.6/8 0.09|  9.9/8 0.27
Pt 22.3/8 <001 | 11.7/8 017 | 3.2/8 092 | 5.7/8 0.68| 2.1/8 0.98
o 64.3/16 <0.01 | 47.6/16 <0.01 | 13.4/16 0.64| 42.6/16 <001 | 209/16 0.8
péf 32.7/12 <0.01 30.3/12 <0.01 9.5/12 0.66 25.3/12 0.01 15.5/12 0.21
Niets 9.2/7 0.24 24.5/7 <0.01 5.7/7 0.57 10.6/7 0.16 25.2/7 <0.01
it 79.2/9 <0.01 | 46.1/9 <0.01| 12.8/9 0.17 | 53.9/9 <001 | 45.1/9 <001
mit 24.8/13 0.02| 18.9/13 0.13| 17.4/13 0.18| 17.1/13 020 258/13  0.02
b 32.7/16 <0.01| 31.6/16 0.01| 26.3/16 0.05 | 27.9/16 0.03| 39.0/16  <0.01
ot 91.5/11 <0.01 | 20.1/11 <001 | 13.5/11 0.26 | 35.9/11 <001 | 207/11 <001
o 39.3/9 <0.01 | 12.8/9 017 |  4.7/9 0.86 | 13.9/9 0.13 | 18.0/9 0.04

Table 8.3: x? and p-values quantifying the level of agreement between the measured nor-
malized differential cross-sections and predictions provided by different MC generators.

In general, none of the predictions can describe all observables (none of them shows
p-values larger than 0.05). This has been the case in other publications both in dilepton
and semi-leptonic final states. One of the best predictions, as in the above publications,
is PWG+HT7 which is the only NLO+PS MC able to describe the leading jet and lepton
pr. After applying the NNLO reweighting, described in Section 6.2.2 the predictions
obtained with the nominal PWG+PYS8 improve notably, which is reflected by the p-
values increasing systematically for all variables, making it the only prediction which
can describe simultaneously all the variables in an acceptable way. This effect is minor
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Figure 8.4: Relative differential cross-section measurement as a function of the sub-
leading lepton pp compared to interference generators (right) and MC generators (left).
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jet pr compared to interference generators (right) and MC generators (left).
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Figure 8.6: Relative differential cross-section measurement as a function of the sub-
leading jet pr compared to interference generators (right) and MC generators (left).
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Figure 8.8: Relative differential cross-section measurement as a function of the pr of the
bb4l system compared to interference generators (right) and MC generators (left).
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Figure 8.9: Relative differential cross-section measurement as a function of the mr of
the bb4l system compared to interference generators (right) and MC generators (left).
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Figure 8.10: Relative differential cross-section measurement as a function of the mass of
the bbll system compared to interference generators (right) and MC generators (left).
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Figure 8.11: Relative differential cross-section measurement as a function of the pr of
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Figure 8.12: Relative differential cross-section measurement as a function of the pr of
the bb system compared to interference generators (right) and MC generators (left).

PWG+PY8 | PWGHPYS (FIx) | PWG+PYS (bbdl) | PWG+PYS (rix, DS) | PWG+PYS (DS)

Observable X?/NDF  p-value | x/NDF  pvalue | x?/NDF  p-value | ¥*/NDF p-value | x>/NDF  p-value
T 16.8/7 0.02| 17.3/7 0.02| 159/7 0.03| 17.0/7 0.02| 17.0/7 0.02
p!;'tz 5.6/7 0.59 5.6/7 0.58 6.4/7 0.49 5.8/7 0.57 5.8/7 0.57

p% 44.3/15 <0.01 46.8/15 <0.01 23.8/15 0.07 31.4/15 <0.01 31.8/15 <0.01
])éf 26.0/11 <0.01 27.5/11 <0.01 16.7/11 0.12 20.6/11 0.04 21.3/11 0.03
Niets 8.8/6 0.19 8.8/6 0.19 21.0/6 <0.01 7.5/6 0.28 7.5/6 0.27
jiie 51.0/8 <0.01 | 53.1/8 <0.01 | 124.3/8 <0.01 | 51.2/8 <0.01 | 52.2/8 <0.01
il 18.9/12  0.00| 3L1/12 <001 | 122/12 043 | 13.2/12 0.36| 13.3/12 035
mbhlt 28.3/15 0.02 39.3/15 <0.01 23.9/15 0.07 26.9/15 0.03 26.2/15 0.04
ol 36.1/10 <0.01 44.4/10 <0.01 93.5/10 <0.01 30.4/10 <0.01 31.5/10 <0.01
Y 12.7/8 0.12 25.2/8 <0.01 7.2/8 0.52 2.5/8 0.96 2.7/8 0.95

Table 8.4: x? and p-values quantifying the level of agreement between the measured
normalized differential cross-sections and predictions provided by POWHEG+PYTHIA 8
with different schemes for handling the ¢t/¢tW interference.
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for m®, . . in the 2b-exclusive phase space, since the NNLO reweighting does not

change significantly the shape of the ¢ component, which anyway populates mostly the
low mP. . region which is already well modelled. The worse models are those with
alternative hgamp and prpaa variations, that are compatible with only one observable.
The other models have intermediate results. No NLO+PS Monte Carlo can describe the
pr of the bbll and bb4l systems, which arguably are more sensitive to higher order effects

and additional radiation.

8.2.3 Total fiducial cross-section

The total fiducial cross-section has been measured in both phase spaces, by applying the
unfolding procedure described in Section 7.1 to a single-bin distribution. In this case, the
unfolding matrix is a 1 x 1 matrix, and the unfolding procedure from Eq. 7.9 is equivalent
to a simple division of the acceptance-corrected, background-subtracted reconstructed
events in data by the efficiency.

The total fiducial cross-sections in the two phase-spaces are measured to be:

2b-exclusive region g = 5.77 & 0.01 (stat.) +0.05 (lumi.)*027 (syst.) pb;

2b-inclusive region ohq = 5.97 +0.01 (stat.) +0.05 (lumi.) T30 (syst.) pb.

The measured cross-sections are compared with theoretical predictions from different
Monte Carlo generators in Figure 8.13. All the ¢t and tW theoretical predictions are
normalised respectively to the NNLO+NNLL and NLO+NNLL cross-sections as de-
scribed in Section 6.2.1. All differences among the shown predictions are due to how
differently the MC generators model the acceptance of the fiducial phase-spaces with
respect to the full phase-space.

As shown in 8.5, the measurements in both the 2b-inclusive and exclusive phase-spaces
are limited by the uncertainties in the signal modeling and flavor-tagging efficiency. Other
significant sources of uncertainties are related to the lepton isolation and jet energy scale.
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Figure 8.13: Total fiducial cross-section measurement in a the 2b-exclusive and b the 2b-
inclusive regions. The measured cross-sections are compared with theoretical predictions
from different Monte Carlo generators.
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Phase space eft, Npjets = 2 eft, Npjers = 2
Fiducial cross-section [pb] 5.77 5.97

Statistics [%] +0.22 +0.21

+1.62 +1.82
Jets [%] —1.76 —1.92

Flavour tagging [%] 500 T5o7
Leptons and ERs [%)] e +1.81

tW modeling [%)] +0.11 +0.11

Generator parameters [%] ool T

Hard scattering [%] +0.69 +0.74

Table 8.5: Summary of all the uncertainty sources for the total cross section in the
fiducial phase spaces.

8.3 Results with QUnfold

In this section the measured differential cross-sections in the 2b-exclusive and 2b-inclusive
regions performed using the simulated annealing backend of QUnfold software are shown.
For these results we decided to not use the pure quantum backend of QUnfold because,
for the moment, the D-Wave hardware which gives the quantum resources to QUnfold
is not enough powerful to deal with large-size data.

As mentioned at the beginning of this chapter, the purpose of these results is not to
demonstrate that QUnfold works better than the standard classical cases afforded with
RooUnfold, but to show that it is possible to perform such analysis using a quantum
computation based unfolding method.

8.3.1 Differential cross-sections in the 2b-exclusive region

The absolute and relative cross-section measurement as a function of m. . using

the QUnfold software are shown in Figures 8.14 - 8.15. The measurement is com-
pared with predictions obtained with different MC generators and different interference
schemes. The corresponding systematic breakdown plots for the relative and absolute
cross-sections are shown in Appendices C.4.2 and C.4.3.

These plots show the same level of agrement among data/MC with respect to the

139



8.3. RESULTS WITH QUNFOLD

— L S o
S [T T T T T T T = 10 ] T pl
® 105 (g-13Tev,140fb o oua = ¢ £ (s=13Tev. 14010 " E
g = ER £ WbWb dilepton PGHPYS 3
3 m p PWG+PYS 1 o [ TUUREERER PWGHPYS (fx)
= L WbWhb dilepton a = 1 eu N 22N =2 —
=3 e PR PWGHPYS (fix) _ E E P ets T Thjers TS e PWGHPYE () 3
3 E e N,e‘s 22, ijexs =2 PWG+PYS (fix, DS) E . m PWGHPYS (pThard) e
£ - | € 10 PWG+PY8 (NNLO rew.) —
g = = PWG+PY8 (DS) — s E ' '.i ------- PWG+PYS (recoil) 3
= 2 E . E
£ 107l T PWG+PYS (bb4l) — 5 C lo' ] e PWGHH? (1) 7
3 = "~ Il-‘-_‘-u‘:, Stat. unc. 3 1072 ‘: ! Stat. unc. —
% L !q! ! Syst-+Stat. unc. B E I | Systastat une 7
107 | | = 10°% 1 Ly -
E J | E E =
E® | E El Las E
Ci | 7 = eeet B
-3 | - | 10 = 1 =
107 1 E E L f
o g, AR =
2 g8 12E
.............................. 5 =
=W
C 4 f= E
= 1 g 14
£l . s 1.2Fx
9o 5 9° 4
L e T s T T T T T Ty yyy—— ¥ al E
0 100 200 400 500 600 700 800 0 100 200 300 400 500 600 700
ml'bﬂllﬂlmﬁx [Gev] mg;lnlmax [GeV]

Figure 8.14: Absolute differential cross-section measurement through QUnfold as a func-
tion of the m?, . variable. The unfolded data are compared with a predictions pro-

vided by POWHEG +PYTHIA 8 with different schemes for handling the ¢ /tW interference
and b with predictions obtained with different MC generators.
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Figure 8.15: Relative differential cross-section measurement through QUnfold as a func-
tion of the m%, . variable. The unfolded data are compared with a predictions pro-

vided by POWHEG +PYTHIA 8 with different schemes for handling the ¢ /tW interference
and b with predictions obtained with different MC generators.
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ones performed using classical unfolding techniques (see Section 8.2.1). This means that
the unfolding gave same results in this case and that the techniques based on QUnfold
converged to the correct output.

8.3.2 Differential cross-sections in the 2b-inclusive region

The relative cross-sections measurements through QUnfold as a function of some of
the kinematic variables of the WbWb final-state objects introduces in Section 8.2.2 are
presented in Figures 8.16 - 8.22. The corresponding systematic breakdown plots for the
relative and absolute cross-sections are shown in Appendices C.4.3 and C.4.2.

For each plot shown below, in the top panel, the unfolded data are shown as black
points, while lines indicate the MC predictions. Uncertainties are shown by the shaded
bands. The lower panel shows the ratio of the MC predictions to the unfolded data.

The corresponding plots, for the absolute differential cross-sections, are presented in
Appendix D.2.
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Figure 8.16: Relative differential cross-section measurement through QUnfold as a func-
tion of the leading lepton pr compared to interference generators (right) and MC gener-
ators (left).

Also in this case these plots show the same level of agreement among data/MC with
respect to the ones performed using classical unfolding techniques (see Section 8.2.2).
This means that the unfolding gave same results even in this case and that the techniques
based on QUnfold converged to the correct output.
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Figure 8.17: Relative differential cross-section measurement through QUnfold as a func-
tion of the sub-leading lepton pr compared to interference generators (right) and MC
generators (left).
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Figure 8.18: Relative differential cross-section measurement through QUnfold as a func-

tion of the leading jet pr compared to interference generators (right) and MC generators
(left).
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Figure 8.19: Relative differential cross-section measurement through QUnfold as a func-
tion of the sub-leading jet pr compared to interference generators (right) and MC gen-
erators (left).
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Figure 8.20: Relative differential cross-section measurement through QUnfold as a func-
tion of the pr of the bb4l system compared to interference generators (right) and MC
generators (left).
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Figure 8.21: Relative differential cross-section measurement through QUnfold as a func-
tion of the pr of the bbll system compared to interference generators (right) and MC
generators (left).
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Figure 8.22: Relative differential cross-section measurement through QUnfold as a func-

tion of the pr of the bb system compared to interference generators (right) and MC
generators (left).
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Conclusions and outlook

In this study, we presented the results of the first ever differential cross-section measure-
ment of the WbWb final state in the whole phase space available (even if the measurement
as a function of the m?, . variable was already performed by ATLAS using a partial
Run 2 dataset) using data collected by the ATLAS detector at the LHC. The analysis
focuses on the fiducial phase-space defined by requiring two b-tagged jets and two leptons
with opposite charge and different flavor.

The results indicate that none of the considered predictions, including the bb4l sample,
can accurately describe all observables in the fiducial phase-space. This finding is consis-
tent with previous publications in both the dilepton and semi-leptonic final states. The
best-performing predictions are the nominal POWHEG+PYTHIA 8 and POWHEG+ HER-
WIG 7 models, with the latter being the only one capable of describing the pr of the
leading lepton and jet. Models with alternative hqamp and prnaa variations are only
compatible with a single observable.

The total fiducial cross-sections are also measured in the 2b-exclusive and 2b-inclusive

regions. The measured cross-sections are found to be 5.77 4 0.01 (stat.) 5 (syst.) pb

and 5.97 & 0.01 (stat.)f%? (syst.) pb, respectively. These measurements are primarily
limited by uncertainties in the signal modeling and flavor-tagging efficiency, as well as
other sources such as lepton isolation and jet energy scale.

This measurement represents a significant improvement over previous publications,
as the uncertainty has been reduced by half, allowing for better discrimination between
models. The sensitivity for most observables is currently limited primarily by uncertain-
ties in signal modeling, including those related to the treatment of ¢t/tW interference,
and by statistical uncertainties in the tails of the distributions. Further improvements are
expected with the data collected during the LHC Run 3 data-taking period and through
the use of new Monte Carlo simulations optimized based on these measurements.

Additionally, the development and usage of a novel unfolding method based on quan-
tum annealing and its related QUnfold software has been developed and tested on the
same data using the simulated annealing backend of the DWave quantum annealer,
demonstrating that it is possible to use quantum computation to perform the unfolding
procedure and therefore to measure differential cross-sections. Since this is the first soft-
ware capable of handling a quantum computing based unfolding technique on large scale
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LHC data, this is considered a good result and a step forward in the world of applications
of quantum computing to particle physics.

In conclusion, the results of this study provide valuable insights into the modeling of
the WbWD final state in the fiducial phase-space. The observed discrepancies between
the measured cross-sections and theoretical predictions highlight the need for further
improvements in the modeling of this process.
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Appendix A

The DCSAnalysisTools framework

A1 The RPCDCS . . . . .
A2 Thegassystem . . . . . . . . . .. . ...
A21 Gassystemdesign . . . . ...
A.2.2 Sensors distribution . . . ... ..o 0oL
A.3 The framework . . . . ... .. ...
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A.3.2  Check of correct DCS mapping for HV and /,,, channels mapping 153
A.3.3 Monitor of the gas flow . . . . ... ... ... ...
A3.4 Map of Iy, channels . . . . . ..o o000

In Sections A.1 and A.2 the DCS and gas system of the ATLAS detector are described
respectively. Finally, in Section A.3 the main work of my qualification task is explained.

A.1 The RPC DCS

The RPC DCS (see Figure A.1) is a computing infrastructure used to monitor the RPC

conditions and to control all its related subsystems, which are:
o Supply of low and high voltages.
o Trigger electronics.
e Detector infrastructure.

e Environment conditions.
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A.1. THE RPC DCS

RPC

SIDE A

SIDEC
BIS78 A -
INFRASTRUCTURE 3 2 RPC Overview vz

Sects

Figure A.1: Screenshot of the main page of the ATLAS RPC DCS.

The hardware chosen for the power system of the RPCs was based on the commercial
CAEN EASY (Embedded Assembly SYstem) solution [180]. It consists of a magnetic field
(up to 2T) and radiation tolerant electronics; it is based on a master-slave architecture.

The branch controllers hosted in a CAEN mainframe act as master boards and monitor
the electronics in several crates, located in the experimental area [181].

An updated picture of the Run-2 DCS architecture is shown in Figure A.2. The
software system is composed of 7 multi-core rack-mounted PCs all running Scientific
Linux. For the communication to the CAEN mainframes a Windows 2008 Server virtual
machine is run on one of the cores of local computers to allow the communication with
OPC-DA.

The relevant DCS information is stored into the ATLAS database for future analyses.
Data are accessed through the DCS variables which are: HV (High Voltage), 1,4, (gap
current), gas variables, temperature and many others.

148



A.2. THE GAS SYSTEM
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4 CAEN A-3485 2 ch 48V Service Power Supply
Located in hostile environment:
24 CAEN A-348 2 ch 48V Power
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83 CAEN A-3009 12 ch LV (Vee Vpd)
26 CAEN A-3802 128 ch DAC (Vth)
52 CAEN A-3801 128 ch ADC (Igap, LV, Env Sensors)

Figure A.2: Layout the hardware infrastructure of the ATLAS RPC Detector Control
System. In the top-right table the computing hardware information is listed.

A.2 The gas system

In August 2023, after the completion of proton-proton data-taking, the ATLAS collabo-
ration replaced the standard gas mixture (94.7% CoHoF4, 5.0% i-C4H;0, 0.3% SF¢) with
a new mixture with CO, added: 64% CoHoFy4, 30% i-CO4, 1% SFg. The total gas volume
amount at ~ 15m?3[182].

There are some reasons for the choice of this particular mixture and in particular of
tetrafluoroethane:

o Its high density, through which it is possible to obtain better primary ionization
with more or less 60 primary electron-ion pairs per cm.

o Its relatively low operating voltage.

The basic function of the whole gas system is to mix the previously mentioned com-
ponents in the correct proportions and then to distribute the gas mixture into each
chamber.

A.2.1 Gas system design

This whole gas system consists of modules designed as far as possible uniformly among
all the ATLAS RPC system. These modules are:

o Primary gas supplies.
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A.2. THE GAS SYSTEM

Mixer: to ensure the correct gas component mixing.

Inside closed circulation loop: the RPC chamber gas is circulated in a closed
loop. This circulation loop is distributed over three different areas which are:

— Chamber distribution systems.

— Purifier: for gas purification.

— Pump and return gas analysis: which regulate gas pressure.

(CoHoF,) exhaust gas recovery: to monitor the recovery of tetrafluoroethane
which is very expensive.

There are in total 3714 gas modules, with volumes ranging from 1.36 L to 10.77 L [183].
Several distribution systems situated in five distinct height zones regulate the chamber
pressure relative to the atmospheric pressure, correcting hydrostatic differences. In to-
tal, ten racks house the distribution system, serving the A and C side of the barrel,
respectively (see Figure A.3). The flow needed in each RPC gas volume is proportional

Racks Connections Dummy chambers level

-9- Rack 69 (65.5)
¥.52-05-X8
- -6- Rack64

Y.42-02-X7

-5- Rack63
Y.42-02-X4
-4- Rack62
¥.43-03-X1

-1- Rack 66 (60.5)
Y.56-05-X0

Figure A.3: RPC gas system overview with racks position with respect to each sector
chamber.

to the total charge rate delivered in the gas, which is in turn proportional to the electric
current flowing through each RPC gap.

The gas is distributed by 128 input manifold lines (up to 24 RPC layers each) called
flowmeters, with an overpressure of around 10 mbar falling on input impedances, which
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J_,-"' Average input flow 4 1/h

Input Manifeld
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Figure A.4: Overview of a flowmeter.

determine the input flow (see Figure A.4). The gas is then recuperated by 128 output
manifolds connected to a pump regulating the RPC internal pressure. This recuperated
gas is purified and re-injected in the system.

A single gas layer is connected through 2 inlets and 2 outlets (see Figure A.5). There

gasdistribution to the ehambers

Figure A.5: Overview of the gas distribution through the chambers.

are 2136 independent gas layers in total. Per each 2 gas layers, there is an output
flowmeter.
Finally, the RPC gas gap is kept at maximum 3 mbar above the atmospheric pressure.

A.2.2 Sensors distribution

There are two flow sensors groups in the ATLAS RPC system to monitor: 128 sensors
lie in the manifold lines, while 1168 lie directly on the chambers.
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These two groups are useful to study the gas system from two different perspectives
since both them can be used to study in a complementary way the whole system.

The 1168 sensors are used to monitor the FullFlow of each channel, which is the
total flow passing through the chamber itself; while the 128 sensors get information from
the InFlow and OutFlow which are respectively the entering and exiting flows passing
through a chamber.

A.3 The framework

During the three years of my PhD, we have developed a framework used to monitor the
ATLAS RPC detectors condition by analyzing the DCS (Detector Control System) data.

This framework is called DCSAnalysisTools and is used as follows: data are extracted
from the DCS database (Section A.1), then they are processed (Section A.3.1) and finally
are used to monitor and check different RPC performances:

« Mapping of HV and I, channels (Section A.3.2).
 Possible gas leakages (Section A.3.3).
 Proper functioning of all the /,,, channels (Section A.3.4).

See Figure A.6 for an example workflow of a DCS analysis which uses DCSAnalysisTools
framework. The software is open-source and is hosted on GitLab [184]. Some of the main

Check mapping _ BZEZ Zi;l{il;ig
of HV and I, Panel '
channels o

A

Data extraction : Produce /,,, maps
Data processing .
from the DCS > (offline) to monitor dead
database gaps

Y
Y

4
Monitor gas
leakages

Figure A.6: Typical workflow of an analysis performed with the DCSAnalysisTools
framework.
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results of the framework are saved on specific web pages’.

A.3.1 Data extraction and processing

As mentioned at the beginning of Section A.3, DCSAnalysisTools is a Python which
extracts data from the RPC DCS and analyze them, in order to spot possible problems
related to the detector behavior.

Data are downloaded manually from the DCS panel, or automatically using the
RPCOfflineFW framework [185].

A.3.2 Check of correct DCS mapping for HV and I ,, channels
mapping

Due to the HV boards increase during LS2, to improve the granularity of the HV distri-
butions, correct mapping of the DCS channels needs to be checked. One of the goal of
the previously mentioned framework is to check that /,,,s channels response follow the
HV one. To do this, 2D plots are produced: the x-axis is used for time values, while two
y-axes, one for HV and the other one for I, variables, are used.

The DCS variables used here are:

o HV — actual.vMon (V): which is the voltage of the HV channel.
o I, — actual.vMean (pA): which is the current of the /,,, channel.

These plots are produced for each HV channel with respect to each of the corresponding
Iq, ones.

I4q, channels which variation was less or equal than 0.01 pA have been considered
as OFF (not mapped or disconnected), otherwise they have been considered as ON
(correctly mapped). An example of HV channel plot with 100% correct mapping with
its Iyqps is shown in Figure A.7, while an example for one with problematic /4,5 is show
in Figure A.8. Another interesting cross-check to the previous method is to simply plot
1,4, as a function of the HV and be sure that the trend is increasing: the expected trend
is linear up to 6000V and becomes exponential beyond. An example plot is shown in
Figure A.9.

'https://atlas-rpc-perf.cern.ch/RPCWeb/DCSAnalysis/
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Figure A.8: Example of HV channel with mapping problems or disconnected channels.
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Figure A.7: Example of HV channel with 100% correct mapping.
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Figure A.9: Example of 2D plot of Iy, as a function of the HV. Up to 6000V the
behavior is linear, then becomes exponential.

A.3.3 Monitor of the gas flow

The framework has also a tool to identify chambers having negative gas flux as candidate
for leaking chambers. This procedure is performed studying the FullFlow variable, from
the 1168 chambers sensors and InFlow and OutFlow variables from the 128 flowmeters
Sensors.

The procedure is the following:

o Compute the mean of each channel data of newer dataset for a given time-period.
o Compute the mean of each channel data of older dataset for a given time-period.

o Compute the difference between each mean-value of newer and older data-points
and add a point to a bar plot for each channel.

Therefore, bar plots are created and have as y-axis the difference between mean values
while for x-axis the chambers name (see Figure A.10). Same plots have been produced
also for separated chambers sectors (see Figure A.11), in order to deeply investigate the
behavior of each single sector itself. Within this plots also some histograms of mean
differences are produced (see Figure A.12). Channels which difference between mean
values is less than 0.5 have been considered as problematic. A full list of chambers
with old, new and difference flux is then produced and can be consulted for further
clarification.

Same procedure is performed also for InFlow (see Figures A.13 and A.14) and OutFlow
(see Figures A.15, A.16) variables, as a crosscheck.
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Full Flow (all RPC chambers)
New data: 2022.08.21 23:10:11 - 2022.08.22 14:50:34

Old data: 2022.07.21 23:10:11 - 2022.07.22 23:50:44
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Figure A.10: Bar plot example for FullFlow variable.
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Figure A.11: Bar plot example for FullFlow variable for a single sector.
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Full Flow (all RPC chambers)
New data: 2022.08.21 23:10:11 - 2022.08.22 14:50:34

Old data: 2022.07.21 23:10:11 - 2022.07.22 23:50:44
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Figure A.12: Example of mean differences distribution of chambers for FullFlow variable.
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Figure A.13: Bar plot example for InFlow variable.
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In Flow (all 128 flowmeters)
New data: 2022.08.22 00:04:11 - 2022.08.22 22:36:36
Old data: 2022.07.22 00:04:09 - 2022.07.22 23:44:34
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Figure A.14: Example of mean differences distribution of chambers for InFlow variable.
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Figure A.15: Bar plot example for OutFlow variable.
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Out Flow (all 128 flowmeters)
New data: 2022.08.22 01:22:15 - 2022.08.22 22:57:11
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Figure A.16: Example of mean differences distribution of chambers for OutFlow variable.

OutFlow (|new_data - old_datal)

A.3.4 Map of [, channels

Proper functioning of all the I ,, channels is provided through the production of a chan-
nels map, which contains a display of all the /4, channels which correct functioning ones
are colored in green while disconnected or problematic ones are colored in red (See Figure
A.17). An input file containing the list of dead gaps (malfunctioning ones) is given to

the main script, in order to produce a new map when needed.
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Figure A.17: Map of all the RPC I, channels. Correct functioning ones are colored in
green, while disconnected or malfunctioning ones are colored in red.
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B.1 Other control plots

B.1.1 2b-exclusive signal region

In Figures B.1 - B.3 additional detector-level plots for the 2b-exclusive region are pre-

sented.
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Figure B.2: Comparison of data and MC predictions for the ¢ of a the leading and b
subleading jet and of ¢ the leading and d subleading b-jet in the 2b-exclusive region.
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Figure B.3: Comparison of data and MC predictions for the ¢ of a the leading and b
the subleading lepton, ¢ the 1 of the subleading lepton and d the ¢ of the EX in the
2b-exclusive region.
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B.1.2 2b-inclusive signal region

In Figures B.4 - B.8 additional detector-level plots in the 2b-inclusive region are presented.
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Figure B.5: Comparison of data and MC predictions for the ¢ of a the leading and b
subleading jet and of ¢ the leading and d subleading b-jet in the 2b-inclusive region.
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Figure B.6: Comparison of data and MC predictions for the ¢ of a the leading and b
the subleading lepton, ¢ the 1 of the subleading lepton and d the ¢ of the EX in the
2b-inclusive region.
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Figure B.8: Comparison of data and MC predictions for the a p%* the b m%*, the c
PP and the d m"™" variables in the 2b-inclusive region.
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B.2 The m"™™* variable

B.2.1 Studies on the b-quark used in the variable construction

Some truth-level tests have been performed in order to check which of the b-quarks
produced in a tf process has been used in the m®, . variable construction. This can
be achieved by matching the parton-level b-quarks and leptons to the reco and particle
level b-jet and dressed lepton chosen by the m%. . —— algorithm. Since the ntuples
contain only information on the b-quarks coming from the top quarks, we can assume
that the b-jet not matched to any of the two b-quarks comes from the radiation. The
studies have been performed on the nominal ¢¢ sample, in the 2b-exclusive region.

Events are categorized based on how they are matched:

o Lepton and b from the same t (referred to as 1_and_b_from_same_t in the plots
and tables below).

o« Lepton from ¢ and b from the other ¢ (1_from_t_b_from_other_t)'.

e b_or_lep_unmatched: b from radiation, i.e. AR > 0.4 from any b-quark coming
from top, or lepton unmatched, i.e. AR > 0.2 from any truth lepton (which is a
VEry rare oCcurrence).

This workflow has been applied to both for reco- and particle-level events.

In Figures B.9 and B.10 angular distances between the b-jet and closest b-quark and
reconstructed lepton and closest truth lepton for the detector- and particle-level selections
are provided, respectively.

Table B.1 shows the composition of the three categories for the reco- and particle-
level selections. b-quarks from the same top are the most populated category, followed
by b-quarks from the other top. The b-quarks from radiation are the least populated
category. The composition of the three categories is similar for the reco- and particle-
level selections. This general ranking is strongly dependant on the mY. .~ region
considered.

Category ‘ Reco-level ‘ Particle-level
1 and b _from same t 78% 80%
1 from t b _from other t 15% 16%
b_or_lep_unmatched ™% 4%

Table B.1: Composition of the three categories for the reco- and particle-level selections.

The distributions of m for the three categories at reco- and particle-level are

minimax

shown in Figures B.11 and B.12, respectively. Specifically, the plot on the left shows the

"'When referring to ”t” or “other ¢” we mean that they can be ¢ or .
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Figure B.9: Angular distance AR between a the b-jet and closest b-quark and b the
reconstructed lepton and truth lepton at detector level. The vertical red line indicates
the cut value beyond which the jet and the lepton are considered “unmatched”.
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Figure B.10: Angular distance AR between a the b-jet and closest b-quark and b the
reconstructed lepton and truth lepton at particle level. The vertical red line indicates
the cut value beyond which the jet and the lepton are considered “unmatched”.
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absolute distribution while the one on the right shows the relative distribution, where
the the difference in shapes among the three categories is more evident. In particular,
the events where the b-jets comes from additional radiation show a broader distribution,
both at low m?. . and at high m?, . = without a clear cutoff.

Finally, the relative bin-per-bin composition for the three categories is shown in Figure
B.13. It can be seen that, even if the b-quarks from the same top are the most populated
category, the b-quarks from the other top and from radiation are the most important
categories in the regions of m% away from the top-quark mass (with the former

minimax
dominating over the latter at low m® and viceversa at high m®%. . ) while the

minimax

b-quarks from the same top are the most important category in the region around the
mass of the top, showing a very strong cut-off above the top mass.
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B.3 Selection optimization studies

Several selections have been studied evaluating both sensitivity to interference (DR vs
DS) and the total uncertainty.

The options considered in the various selections and the limitations of each options
can be summarised as:

o Leptons: ey or e + pp + ee. Using the latter provide almost twice statistics but
introduces the background from Z+jets. There is not best choice as the background
contribution depends on other object selections too. In particular the 2 b-jets at
60/70/77% WP + 3° b-jet with veto at 70/77/85% WP combinations have been
considered.

o Jets: 2-jet exclusive or 2-jet inclusive with a veto on third jet. The latter has a
higher statistics than the former but is more affected by signal modelling.

o B-jets: 2 b-jets at 60/70/77% WP, if a veto is request on a third b-jet, considered
all higher WP.

Since the number of combinations is high, only a limited number of selections were really
considered as some options clearly suffered from either high uncertainty due to the MC
statistics or high background from Z+jets. The sensitivity to the interference, defined as
the difference between the old DR and DS samples, was studies for a subset of selections;
an example of the two most promising selection is shown in Figure B.14. The 2-jet

B e A e
TotalSignal
C — Negs=2,N

biets =
— Ny, 22N

DR /DS

bjets

ST T T 0 O T O S SOV A T O O N B A B B P
0 100 200 300 400 500 600 700 800
Detector-level mj™™ (particle) [GeV]

Figure B.14: Sensitivity of DR/DS ratio in different regions ot the m&I"™* variable for
e selections. For the 2 jets exclusive case there is more sensitivity in the 200-300 GeV
region, while for the 2 b-jets exclusive one there is more sensitivity in the region above

400 GeV.

exclusive selection has a higher sensitivity in the middle of the range but at the highest
mass the more inclusive selection has a higher sensitivity. As mentioned amove, the 2-jet
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exclusive selection has a larger statistical uncertainty as shown in the Figure B.15 (left).
However, using all three lepton final states (labelled Il in Figure B.15 on the right), allows
to reach almost the same statistical uncertainty as the 2 b-jets exclusive selections. The

'\_g| 50 T e T | T | . : | e "6“_0' 50 T T T TTTT | TTTT ‘ T | TTTT | TT
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Figure B.15: statistical uncertainty comparison among ey (left) and Il (right) channels
selections.

b-tagging working point optimisation is performed looking at more uncertainties and
evaluating the effect on background and modelling too. The results are summarised in
Figure B.16. This study used the binning from the previous analysis. However, this
does not affect the conclusions, as there are no significant differences between bins. The
best b-tagging working point is the 70% WP for both jet options; for the b-jet exclusive
selection, the best result is obtained with veto at 85% WP. The final selection candidates
after these optimisation are two selection:

o ey, at least 2 jets with 2 b-jets at 70% WP and a veto on additional b-jets at 85%
WP.

o e+ pp + ee, at least 2 jets with 2 b-jets at 70% WP and a veto on additional
b-jets at 85% WP.

o eu+ up+ ee, exactly 2 jets tagged at 70% WP.

The total uncertainty in the three scenarios is compared to select the best selection and
is presented in Figure B.17. The Z+jets is dominant for the ey + pp + ee with a veto on
third b-jets while it is very small for the 2-jet exclusive selection. The lowest uncertainty
in all bins of the tail is achieved by the eu with a veto on third b-jets selection; in the four
last bins the uncertainty is 10% or lower while for the 2-jet exclusive selection the error
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Figure B.16: Total uncertainties (without HF') comparison among ey (left) and [l (right)
channels selection.

is 12%. It should be noted that the largest uncertainty in the tail of the distribution
in the 2-jet exclusive selection is the statistical uncertainty as well as the tW modeliling
uncertainty. Hence, if a new prescription will be introduced in Run3 and beyond, this
selection will be the best one to use in future publication given the expected additional
statistics that should significantly lower the total uncertainty. A further test was carried
out to confirm the chosen selection; the y? for several prediction was calculated for the
two best selections and summarized in Figure B.2. The chosen selection has a higher
discriminating power as fewer samples are compatible with the data, hence it is the most
sensitive selection.

Table B.2: x? and p-values to quantify the agreement for different selections.

‘ Observable

PWG+PY8

| PWG+H7 | MC@GNLO+H7 | MCGNLO+PY8 | BB4L 950540 | ™ DS | mpamp3mMT | PTHARDL
X*/NDF__ p-value || x*/NDF__ p-value | x*/NDF _ p-value | x*/NDF__ p-value || x*/NDF __ p-value || x*/NDF__ p-value || ¥?/NDF__ p-value || x*/NDF _ p-value
ept 2-b-jet excl 12/9 023 22/9  <O00L] 19/9 003 18/9 004 39/9 <00 62/9 <OOL] 25/9 <00 25/9 <001
ep+ pp+ ee 2-jet excl | 10/10 040 || 18/10 0.06 | 10/10 041 | 10/10 045 || 23/10 001 | 35/10 <001 | 18/10 005 | 17/10 0.08
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Appendix C

Analysis strategy and results
complements

C.1 Unfolding corrections . . . . . . . . . . . . ...
C.2 Other closure tests . . . . . . . . . ..
C.3 Other stresstests . . . . . . . . . . . .
C.4 Other systematics breakdown . . . . . . . . ... ... 0L
C.4.1 Absolute differential cross-sections . . . . . . . . . .. ... ...
C.4.2 Relative differential cross-sections with QUnfold . . . . . . . . ..
C.4.3 Absolute differential cross-sections with QUnfold . . . . . . . ..

C.1 Unfolding corrections

Examples of acceptance, efficiency and migration matrices variables defined in the 2b-

inclusive signal region are shown in Figures C.1 - C.9.
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C.1.

UNFOLDING CORRECTIONS

Figure C.1: The (left) acceptance (fue.) and (right) efficiency e corrections and (bottom)
the migration matrix for the plﬁpl variable. The nominal acceptance and efficiency cor-
rections, in black, are compared to the corrections obtained with some MC generators
used to evaluate the signal modelling uncertainties. In the migration matrix, only bins
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where the migration is greater than 1% are shown.
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Figure C.2: The (left) acceptance (fue.) and (right) efficiency e corrections and (bottom)
the migration matrix for the plﬁp2 variable. The nominal acceptance and efficiency cor-
rections, in black, are compared to the corrections obtained with some MC generators
used to evaluate the signal modelling uncertainties. In the migration matrix, only bins
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where the migration is greater than 1% are shown.
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Figure C.3: The (left) acceptance (fue.) and (right) efficiency e corrections and (bottom)
! variable. The nominal acceptance and efficiency cor-
rections, in black, are compared to the corrections obtained with some MC generators
used to evaluate the signal modelling uncertainties. In the migration matrix, only bins
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Figure C.4: The (left) acceptance (fue.) and (right) efficiency e corrections and (bottom)
the migration matrix for the pjTet2 variable. The nominal acceptance and efficiency cor-
rections, in black, are compared to the corrections obtained with some MC generators
used to evaluate the signal modelling uncertainties. In the migration matrix, only bins

where the migration is greater than 1% are shown.
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Figure C.5: The (left) acceptance (fue.) and (right) efficiency e corrections and (bottom)
the migration matrix for the p?f variable. The nominal acceptance and efficiency correc-
tions, in black, are compared to the corrections obtained with some MC generators used
to evaluate the signal modelling uncertainties. In the migration matrix, only bins where
the migration is greater than 1% are shown.
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Figure C.6: The (left) acceptance (fue.) and (right) efficiency e corrections and (bottom)
the migration matrix for the my; variable. The nominal acceptance and efficiency cor-
rections, in black, are compared to the corrections obtained with some MC generators
used to evaluate the signal modelling uncertainties. In the migration matrix, only bins
where the migration is greater than 1% are shown.
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Figure C.7: The (left) acceptance (face) and (right) efficiency e corrections and (bottom)
the migration matrix for the m¥ variable. The nominal acceptance and efficiency cor-
rections, in black, are compared to the corrections obtained with some MC generators
used to evaluate the signal modelling uncertainties. In the migration matrix, only bins
where the migration is greater than 1% are shown.
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where the migration is greater than 1% are shown.
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C.2 Other closure tests

In Figures C.10 - C.19 closure tests for 2b-inclusive signal region variables are shown.
Here half0 is used as pseudo-data and halfi as MC sample.
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Figure C.10: Unfolding closure tests for the absolute (left) and relative (right) cross-
section measurement of the leading lepton pr. The yellow band includes both the sta-
tistical uncertainty on the pseudo-data sample (half0) and the uncertainty on the MC
sample (halfl).
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Figure C.11: Unfolding closure tests for the absolute (left) and relative (right) cross-
section measurement of the subleading lepton pr. The yellow band includes both the
statistical uncertainty on the pseudo-data sample (half0) and the uncertainty on the
MC sample (halfl).
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Figure C.12: Unfolding closure tests for the absolute (left) and relative (right) cross-
section measurement of the leading jet pr. The yellow band includes both the statistical
uncertainty on the pseudo-data sample (half0) and the uncertainty on the MC sample
(half1).
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Figure C.13: Unfolding closure tests for the absolute (left) and relative (right) cross-
section measurement of the subleading lepton pr. The yellow band includes both the
statistical uncertainty on the pseudo-data sample (half0) and the uncertainty on the
MC sample (halfl).
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Figure C.14: Unfolding closure tests for the absolute (left) and relative (right) cross-
section measurement of the p*. The yellow band includes both the statistical un-
certainty on the pseudo-data sample (halfO) and the uncertainty on the MC sample

(half1).
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Figure C.15: Unfolding closure tests for the absolute (left) and relative (right) cross-
section measurement of the number of jets. The yellow band includes both the statistical
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Figure C.16: Unfolding closure tests for the absolute (left) and relative (right) cross-
section measurement of the mf variable. The yellow band includes both the statistical
uncertainty on the pseudo-data sample (half0) and the uncertainty on the MC sample
(half1).
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Figure C.17: Unfolding closure tests for the absolute (left) and relative (right) cross-

section measurement of the p7

b1b2

variable. The yellow band includes both the statistical

uncertainty on the pseudo-data sample (half0) and the uncertainty on the MC sample

(half1).
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Figure C.18: Unfolding closure tests for the absolute (left) and relative (right) cross-
section measurement of the myy; variable. The yellow band includes both the statistical
uncertainty on the pseudo-data sample (half0) and the uncertainty on the MC sample

(half1).
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Figure C.19: Unfolding closure tests for the absolute (left) and relative (right) cross-
section measurement of the my; variable. The yellow band includes both the statistical
uncertainty on the pseudo-data sample (half0) and the uncertainty on the MC sample
(half1).

C.3 Other stress tests

In Figures C.20 - C.22 stress tests for the leading lepton pr variable using reweighting
functions based on the data/MC discrepancy for the plTep 1, ;tl and p%* spectrums are
shown.

In Figures C.23 - C.26 same tests are performed on the subleading lepton pr variable.

In Figures C.27 - C.30 same tests are performed on the leading jet pr variable.

In Figures C.31 - C.34 same tests are performed on the subleading jet pr variable.

In Figures C.35 - C.38 same tests are performed on the pi%* variable.

In Figures C.39 - C.42 same tests are performed on the number of jets variable.

In Figures C.43 - C.46 same tests are performed on the m variable.

In Figures C.47 - C.50 same tests are performed on the p%**? variable.

In Figures C.51 - C.54 same tests are performed on the p% variable.

In Figures C.55 C.58 same tests are performed on the m®" variable.
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Figure C.20: Unfolding stress tests for the absolute (left) and relative (right) cross-section
measurement of the leading lepton pr variable using the leading lepton pr reweighting
function. The yellow band includes both the statistical uncertainty on the pseudo-data
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section measurement of the leading lepton pr variable using the leading jet pr reweighting
function. The yellow band includes both the statistical uncertainty on the pseudo-data
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Figure C.22: Unfolding stress tests for the absolute (left) and relative (right) cross-section
measurement of the leading lepton pr variable using the p5* reweighting function. The
yellow band includes both the statistical uncertainty on the pseudo-data sample and the

uncertainty on the MC sample.
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Figure C.23: Unfolding stress tests for the absolute (left) and relative (right) cross-section
measurement of the subleading lepton pt variable using the myy;2 reweighting function.
The yellow band includes both the statistical uncertainty on the pseudo-data sample and
the uncertainty on the MC sample.
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Figure C.24: Unfolding stress tests for the absolute (left) and relative (right) cross-
section measurement of the subleading lepton pr variable using the leading lepton pr
reweighting function. The yellow band includes both the statistical uncertainty on the
pseudo-data sample and the uncertainty on the MC sample.

2 £ LA L L L L I L L L L L L B L \: g g LA L L L L I B L L L L L L L \E
5 F Vs=13TeV, 140 fb* ®  Stressed Pseudo-Data B S E Vs=13TeV, 140 fo* ®  Stressed Pseudo-Data 3
> 105 whwb dilepton Nominal E > 1 Wbwb dilepton Nomina -
g = ew. N s2 T Stressed 1 g E ewN =2 T Stressed 3
;é 1; H bjets Stat. unc. ; é F W biets stat. unc. 1
< E Syst.+Stat. unc. E < 10’1§ Syst.+Stat. unc. =
1071 Nominal:x? 678.9, p-value 0.0 ; F Nominal:x? 2.8, p-value 1.0 B

E Stressed:x? 12.3,p-value 0.4 3 1072 E Stressed: x? 0.0, p-value 1.0 -

1072 E L[ i

E 3 10° =

10° = Al ]

E 3 10 =

1074 = [ i

E = 10° —

el b b e b e L E b b e e e e T

g E ] g E ]
Slg 1.05F . Slg 105} E
3|8 E E ol s E =
g0 e e SRR EEEE R E g0 1 E
al = 1 ol £ 3
50 100 150 200 250 300 350 400 50 100 150 200 250 300 350 400

lep2 lep2
pr GeV] P [Gev]

Figure C.25: Unfolding stress tests for the absolute (left) and relative (right) cross-section
measurement of the subleading lepton pr variable using the leading jet pr reweighting
function. The yellow band includes both the statistical uncertainty on the pseudo-data
sample and the uncertainty on the MC sample.
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Figure C.26: Unfolding stress tests for the absolute (left) and relative (right) cross-section
measurement of the subleading lepton pr variable using the p54 reweighting function.
The yellow band includes both the statistical uncertainty on the pseudo-data sample and

the uncertainty on the MC sample.
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Figure C.27: Unfolding stress tests for the absolute (left) and relative (right) cross-section
measurement of the leading jet pr variable using the m;j;» reweighting function. The
yellow band includes both the statistical uncertainty on the pseudo-data sample and the
uncertainty on the MC sample.
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Figure C.28: Unfolding stress tests for the absolute (left) and relative (right) cross-
section measurement of the leading jet pr variable using the leading lepton pr reweighting
function. The yellow band includes both the statistical uncertainty on the pseudo-data
sample and the uncertainty on the MC sample.
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Figure C.29: Unfolding stress tests for the absolute (left) and relative (right) cross-section
measurement of the leading jet pt variable using the leading jet pr reweighting function.
The yellow band includes both the statistical uncertainty on the pseudo-data sample and
the uncertainty on the MC sample.
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Figure C.30: Unfolding stress tests for the absolute (left) and relative (right) cross-

section measurement of the leading jet pr variable using the p%* reweighting function.

The yellow band includes both the statistical uncertainty on the pseudo-data sample and
the uncertainty on the MC sample.
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Figure C.31: Unfolding stress tests for the absolute (left) and relative (right) cross-section
measurement of the subleading jet p variable using the my;y;2 reweighting function. The
yellow band includes both the statistical uncertainty on the pseudo-data sample and the

uncertainty on the MC sample.
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Figure C.33: Unfolding stress tests for the absolute (left) and relative (right) cross-

section measurement of the subleading jet pr variable using the leading jet pr reweighting
function. The yellow band includes both the statistical uncertainty on the pseudo-data

sample and the uncertainty on the MC sample.
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Figure C.34: Unfolding stress tests for the absolute (left) and relative (right) cross-section
measurement of the subleading jet pp variable using the p?* reweighting function. The
yellow band includes both the statistical uncertainty on the pseudo-data sample and the

uncertainty on the MC sample.

‘9 10 fL LA I L L L L L L L) L L L BN JE g LI L L I L L L L L B L IO

:C) E Vs=13TeV, 140 fb* ®  Stessed Pseudo-Data 3 S 1; Vs =13 TeV, 140 fi5* ®  Stressed Pseudo-Data 3

> L Wbwb dilepton Nominal . > E WbWhb dilepton Nominal ]

g 15— ep N s2 T Stressed = g 1’ e, N 22 T Stressed ]

° E " bjets Stat. unc. E 2 107 "7 Thjets T Stat. unc. =

< L Syst.+Stat. unc. i < = Syst.+Stat. unc. ]

10 = Ll ]

e Nominal:x? 451.6,p-value 0.0 3 10 Nominal:x? 0.1,p-value 1.0 5

C Stressed:x? 11.7,p-value 0.4 E Stressed:x? 0.0,p-value 1.0

102 = L ]

c = 10°E E

107 E i i

E E 107 E

10 = . ]

E = 10° 5

g E E| g E E|

Sy 1025 . S 102t -

g8  Lrrrememmmmmmmmmmmmmm E 38 I E

& 0.90E E I 0.98E 3
0.965——"160 200 300 400 500 600 700 800 0987 ——"160 200 300 400 500 600 700 800

I:):b4l [Gev] p$b4\ [Gev]

Figure C.35: Unfolding stress tests for the absolute (left) and relative (right) cross-section
measurement of the p54 variable using the myy;0 reweighting function. The yellow band
includes both the statistical uncertainty on the pseudo-data sample and the uncertainty

on the MC sample.
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Figure C.36: Unfolding stress tests for the absolute (left) and relative (right) cross-section
measurement of the pi4 variable using the leading lepton pr reweighting function. The
yellow band includes both the statistical uncertainty on the pseudo-data sample and the

uncertainty on the MC sample.
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Figure C.37: Unfolding stress tests for the absolute (left) and relative (right) cross-
section measurement of the p{*4 variable using the leading jet pr reweighting function.
The yellow band includes both the statistical uncertainty on the pseudo-data sample and

the uncertainty on the MC sample.
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Figure C.38: Unfolding stress tests for the absolute (left) and relative (right) cross-section
measurement of the p%* variable using the pi4reweighting function. The yellow band
includes both the statistical uncertainty on the pseudo-data sample and the uncertainty

on the MC sample.
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Figure C.39: Unfolding stress tests for the absolute (left) and relative (right) cross-section
measurement of the number of jets variable using the my;q;2 reweighting function. The
yellow band includes both the statistical uncertainty on the pseudo-data sample and the
uncertainty on the MC sample.

204



C.3. OTHER STRESS TESTS

L B B L B B =

2] sy | §2) =3
g 4i s =13 TeV, 140 f5* ®  Stressed Pseudo-Data B g 0.7 Vs =13 TeV, 140 fb* ®  Stressed Pseudo-Data -
2 E WbWhb dilepton Nominal E 2 0 6: WbWh dilepton Nominal ]
E‘ 3_5} e N s2 Stressed { E O e N s2 T Stressed |
£ C H Vs = Stat. unc. 3 2 £ D™ Stat. unc. ]
< 3 Syst+Stat. unc. — < 0_5} Syst.+Stat. unc. {
2_5i Nominal: x? 458.5, p-value 0.0 = E Nominal:x? 2.4, p-value 0.9 ]
F Stressed:x? 48.1,p-value 0.0 0.4 Stressed:x? 0.1,p-value 1.0 |
2 - = E ]
F e 0.3 =
1.5~ — C b
F = 0.2~ —
1I— - — = :
050 E 0.1~ =
:—\.—L-?—"x A *mx e
5| E E| 5| E E
:15 % 1.05: 1 g % 1405: =
=l [a E— = = a E b=
5 1= 5 o e .
al £ ] ol £ 3

0 1 2 3 4 5 26 0 1 2 3 4 5 26

Nexlra]els Nexlvajels

Figure C.40: Unfolding stress tests for the absolute (left) and relative (right) cross-section

measurement

of the number of jets variable using the leading lepton pr reweighting

function. The yellow band includes both the statistical uncertainty on the pseudo-data
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Figure C.41:

Unfolding stress tests for the absolute (left) and relative (right) cross-

section measurement of the number of jets variable using the leading jet pr reweighting
function. The yellow band includes both the statistical uncertainty on the pseudo-data
sample and the uncertainty on the MC sample.

205



C.3. OTHER STRESS TESTS

2] jmy | [%] = ga|

'g 4i Vs = 13 TeV, 140 fo* ®  Stressed Pseudo-Data E g 0.7~ Vs = 13 TeV, 140 fg* ®  Stressed Pseudo-Data .

2 C  WbWb dilepton Nominal E 2 0 6: WbWh dilepton Nominal ]

s 3_5; eu N s2 Stressed { s Aol eu N s2 T Stressed ]

8 = H bjets Stat. unc. 7 2 F H bjets Stat. unc. ]

< 3 Syst+Stat. unc. — < 0_5} Syst.+Stat. unc. {

F==w=— 7 | S, -

2.5 Nominal:x? 638.7,p-value 0.0 C Nominal:x? 2.8, p-value 0.8 ]

= Stressed: x? 1.4,p-value 1.0 E 0.4 Stressed:x2 0.1,p-value 1.0

2k — — r ]

= ] 0.3 =

1.5 - r 3

E = 0.2 —

1I— - = = :

0.5 = 0.1~ -

:—T—L?—"x A *mx e

[=4 E | f=f E |

Sl 1.05F ] 2lg 1.05f -

K E — Kl E

o e = o 1= =

al = ] ol £ J
0 1 2 3 4 5 26 0 1 2 3 4 5 26

Nexlra]els Nexlvajels

Figure C.42: Unfolding stress tests for the absolute (left) and relative (right) cross-
section measurement of the number of jets variable using the pt4 reweighting function.
The yellow band includes both the statistical uncertainty on the pseudo-data sample and

the uncertainty on the MC sample.
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Figure C.43: Unfolding stress tests for the absolute (left) and relative (right) cross-section
measurement of the mﬁ'z variable using the m;y;» reweighting function. The yellow band
includes both the statistical uncertainty on the pseudo-data sample and the uncertainty
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uncertainty on the MC sample.
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Figure C.46: Unfolding stress tests for the absolute (left) and relative (right) cross-section
measurement of the mit variable using the pt*4 reweighting function. The yellow band
includes both the statistical uncertainty on the pseudo-data sample and the uncertainty

on the MC sample.
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Figure C.47: Unfolding stress tests for the absolute (left) and relative (right) cross-section
measurement of the p5**? variable using the my;» reweighting function. The yellow band
includes both the statistical uncertainty on the pseudo-data sample and the uncertainty

on the MC sample.
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Figure C.48: Unfolding stress tests for the absolute (left) and relative (right) cross-section
measurement of the p5*? variable using the leading lepton pr reweighting function. The
yellow band includes both the statistical uncertainty on the pseudo-data sample and the

uncertainty on the MC sample.
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Figure C.49: Unfolding stress tests for the absolute (left) and relative (right) cross-
section measurement of the p’**? variable using the leading jet pr reweighting function.
The yellow band includes both the statistical uncertainty on the pseudo-data sample and

the uncertainty on the MC sample.

209



C.3. OTHER STRESS TESTS

(%) E 3 j2] C " _

'g F {s=13TeV, 140 ft! ®  Stressed Pseudo-Data ] S ]E Vs = 13 TeV, 140 fg* ®  Stressed Pseudo-Data E

> 15" \whbwb dilepton Norinal E > © Wbwb dilepton Nominal 3

© T Stressed 4 o ]_O'1 E o A mmea Stressed -

] Foeg,N =2 g = E ey, N =2 E

2 10 bjets Stat. unc. _ 2 E bjets Stat. unc. =

<C E El <C = —

E Syst.+Stat. unc. B 1072 L Syst.+Stat. unc. _

1072 5 Nominal: x? 372.8, p-value 0.0 = fo Nominal:x? 6.0, p-value 0.7 B

E Stressed: x? 0.3,p-value 1.0 E 10° Stressed:x? 0.0,p-value 1.0

103 = r 3

E 3 107 =

104 = F ]

o T ] w0t e =

107 = E E

- e —— = 0% —— =

Lo L] E. . P SR R M

= E — E = E 3

%’ g 1 1;__'_,_. = g g LI =

I E———— e . LR ——— E

al  o9f E al  ogf E
0 200 400 600 800 1000 0 200 400 600 800 1000

p$1b2 [GeV] p$1b2 [GeV]

Figure C.50: Unfolding stress tests for the absolute (left) and relative (right) cross-section
measurement of the p’**? variable using the p44 reweighting function. The yellow band
includes both the statistical uncertainty on the pseudo-data sample and the uncertainty

on the MC sample.
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Figure C.51: Unfolding stress tests for the absolute (left) and relative (right) cross-section
measurement of the p%%! variable using the m;» reweighting function. The yellow band
includes both the statistical uncertainty on the pseudo-data sample and the uncertainty

on the MC sample.
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Figure C.52: Unfolding stress tests for the absolute (left) and relative (right) cross-section
measurement of the p2¥! variable using the leading lepton pr reweighting function. The
yellow band includes both the statistical uncertainty on the pseudo-data sample and the

uncertainty on the MC sample.
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Figure C.53: Unfolding stress tests for the absolute (left) and relative (right) cross-
section measurement of the p%! variable using the leading jet pr reweighting function.
The yellow band includes both the statistical uncertainty on the pseudo-data sample and

the uncertainty on the MC sample.
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Figure C.54: Unfolding stress tests for the absolute (left) and relative (right) cross-section
measurement of the p4 variable using the p5* reweighting function. The yellow band
includes both the statistical uncertainty on the pseudo-data sample and the uncertainty

on the MC sample.
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Figure C.55: Unfolding stress tests for the absolute (left) and relative (right) cross-section
measurement of the m®! variable using the m1;2 reweighting function. The yellow band
includes both the statistical uncertainty on the pseudo-data sample and the uncertainty
on the MC sample.
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C.4 Other systematics breakdown

C.4.1 Absolute differential cross-sections

Systematics summary plots for absolute cross-sections of the WbWb final-state objects
are presented in Figures C.59 - C.61.
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Figure C.60: Uncertainties breakdown for the absolute cross-section measurement of the
a leading and b subleading jet pr, ¢ number of jets and d the pr of the bb system.
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Figure C.61: Uncertainties breakdown for the absolute cross-section measurement of the
a pr and b mr of the bb4l system, and ¢ pr and d mass of the bbllsystem.

217



C.4. OTHER SYSTEMATICS BREAKDOWN

C.4.2 Relative differential cross-sections with QUnfold

Systematics summary plots for relative cross-sections of the WbWb final-state objects
measured using the QUnfold package are presented in Figures C.62 - C.65.
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minimax

218



C.4. OTHER SYSTEMATICS BREAKDOWN

L L B I

40s = 13 TeV, 140 fb™

S
> C
E 30}6“' ijets 22
[¢] u
= C
o 20
O C
< C
D 10
< E
s OF .
© C
© —10—
S |
w r
-20—
C Statistics
-30 Jets
E Background
_40§— tt modelling
E Parton shower
_50:‘\\\\‘\\\\‘\\\\

‘ TT T ‘ TT T ‘ TT 1T ‘ TT T 7
WbWhb dilepton —
Normalised cross-section]

Fractional Uncertainty [%0]

Total Uncertainty

Flavour tagging
—— tW modelling
-+-- Generator parameters

------- Hard scattering
‘\\\\‘\\\\‘\\\\‘\\\\i

100 150 200 250 300 350 400

(a)

PP [GeV]

L\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\7

[{s=13TeV, 140 fb™* WbWhb dilepton ]

10 [eu, Nb|els >2 Normalised cross-section-|

57 —

o= ,

S 7]

L Statistics Total Uncertainty i

10 r Jets Flavour tagging h

U Background —— tW modelling 4

[ —— ti modelling ----- Generator parameters |

r Parton shower ~ ------- Hard scattering q

=150 b b b b b b L
5 100 150 200 250 300 350 400

Py [GeV]

(b)

Figure C.63: Uncertainties breakdown for the relative cross-section measurement of the
a leading and b subleading lepton pr, measured using the QUnfold package.
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Figure C.64: Uncertainties breakdown for the relative cross-section measurement of the
a leading and b subleading jet pr, and ¢ the pr of the bb system, measured using the
QUnfold package.
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Figure C.65: Uncertainties breakdown for the relative cross-section measurement of the
a pr of the bb4l system, and b pr of the bbllsystem, measured using the QUnfold package.
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C.4.3 Absolute differential cross-sections with QUnfold

Systematics summary plots for absolute cross-sections of the WboWb final-state objects
measured using the QUnfold package are presented in Figures C.66 - C.69.
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Figure C.66: Uncertainties breakdown for the absolute cross-section measurement of the
mb observable, measured using the QUnfold package.
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Figure C.67: Uncertainties breakdown for the absolute cross-section measurement of the
a leading and b subleading lepton pr, measured using the QUnfold package.
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Figure C.68: Uncertainties breakdown for the absolute cross-section measurement of the
a leading and b subleading jet pr, and ¢ the pr of the bb system, measured using the
QUnfold package.
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Figure C.69: Uncertainties breakdown for the absolute cross-section measurement of the
a pr of the bb4l system, and b pr of the bbllsystem, measured using the QUnfold package.
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D.1 Correlation matrices

Correlation matrices are computed using this equation:
COVZ'j
\/Cov;; x Cov;

In Figures D.1 - D.10, correlation matrices for each variable are shown.

Corrij =
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Figure D.1: Correlation matrices for the m®. . variable for the absolute cross-section

measurement (left) and the relative cross-section measurement (right).
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Figure D.2: Correlation matrices for the p'?' variable for the absolute cross-section
measurement (left) and the relative cross-section measurement (right).
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Figure D.4: Correlation matrices for the pit"" variable for the absolute cross-section

measurement (left) and the relative cross-section measurement (right).
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Figure D.5: Correlation matrices for the p/S™ variable for the absolute cross-section

measurement (left) and the relative cross-section measurement (right).
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Figure D.6: Correlation matrices for the number of extra jets variable for the absolute
cross-section measurement (left) and the relative cross-section measurement (right).
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Figure D.7: Correlation matrices for the p variable for the absolute cross-section mea-
surement (left) and the relative cross-section measurement (right).
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Figure D.8: Correlation matrices for the m! variable for the absolute cross-section mea-
surement (left) and the relative cross-section measurement (right).
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Figure D.9: Correlation matrices for the pp* variable for the absolute cross-section
measurement (left) and the relative cross-section measurement (right).
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Figure D.10: Correlation matrices for the p4*? variable for the absolute cross-section

measurement (left) and the relative cross-section measurement (right).
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D.2 Absolute cross-section results

The absolute cross-sections measurements as a function of the kinematic variables of
the WbWb final-state objects are presented in Figures D.11 - D.12 for leading lepton
and sub-leading lepton pr and in Figures D.13 - D.14 for leading jet and sub-leading jet
pr. Cross-sections as a function of the additional jet multiplicity and the pt of the bb4l
system are shown in Figures D.15 - D.16 respectively.
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Figure D.11: Absolute differential cross-section measurement as a function of the leading
lepton pr compared to interference generators (right) and MC generators (left).

x? and p-values of absolute results are shown in Table D.1 and ?? for the different

predictions.

Observable PWGHPY8 (hgamp) | PWGHPY8 (prpaa) | PWG+PY8 (NNLO REW.) | PWG+PYS8 (RECOIL) | PWG+HT7 (FIX)
o " | x*/NDF p-value | x?/NDF p-value | x?/NDF p-value | x?/NDF p-value | x?/NDF  p-value
7 37.9/7 <001 18.0/7 001] 7.1/7 042 | 12077 010 10.1/7 0.18
P 17.1/7 0.02| 82/7 031 29/7 089 | 3.3/7 0.86| 1.9/7 0.97
o 60.1/15 <001 | 44.7/15 <0.01| 133/15 0.58 | 39.1/15 <001 | 205/15 0.5
[)iﬁ 30.1/11 <0.01 27.9/11 <0.01 9.3/11 0.59 22.7/11 0.02 15.3/11 0.17
Niets 7.9/6 0.24 | 23.1/6 <0.01 5.6/6 0.47 9.1/6 0.17 | 23.3/6 <0.01
Pl 69.8/8 <0.01| 41.0/8 <0.01| 12.0/8 015 | 46.6/8 <001 | 436/8  <0.01
e 23.4/12 0.02| 18.1/12 0.11] 17.3/12 0.14 | 16.1/12 0.18| 25.5/12 0.1
b 30.8/15 <001 | 20.8/15 0.01| 25.8/15 0.04| 25.8/15 0.04| 37.1/15  <0.01
Pl 78.6/10 <0.01 26.4/10 <0.01 13.0/10 0.22 | 31.7/10 <0.01 28.8/10 <0.01
i 33.0/8 <0.01 10.8/8 0.21 4.4/8 0.81 10.9/8 0.20 17.7/8 0.02

Table D.1: x? and p-values quantifying the level of agreement between the measured
absolute differential cross-sections and predictions provided by different MC generators.
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Figure D.12: Absolute differential cross-section measurement as a function of the sub-
leading lepton pp compared to interference generators (right) and MC generators (left).

10

= T T T T - < L L L B B L B
3 E (s=13TeV, 140 f5* e o 3 > 10 ) =
) £ fs=13T o E 2 E [5=13Tev, 14018 o om E
= - WbWhb dilepton B = C 3
=1 R PWG+PYS (fix) - _g_ L Wbwb dilepton PWG+PY8 -
Er P New22 e PWGPYS () — = r 2 T PIGHPYE (3 ]
S E PWG+PY8 (pThard) E 3 - 1 el Nbiets_ PWG+PYS (fix, DS) _
° - PWG+PY8 (NNLO rew.) = =) E 3
°© L + PWG+PYE (recoll) i ° E PWG+PY8 (DS) =
101 - PWG+HT (fix) | [} co s PWG+PY8 (bb4l) ]
E ., Stat. unc. 3 © L _
.,,‘J -.'ﬂl 3 Stat. unc.

Fi k........vi Syst+Stat. unc. 7 10 Syststat, unc, -
ol " b 8 ) E
10 Fol 1 3 C e ]
= w“‘i 3 L : : ]

E i 3 ! |
[ i ] -2 | el | _
107 —| 102 ; .
E - L = £ IS 3
< 1.2 C |
S e I 7 C B
B|S C el = H Bl

3|8 T —
| Y eyt = -3 ey T gl
& E B 107¢ E
e | [T AN AT NI AU AR INAT A BT
c 1.2 = E
i | Sl T+ T T YT eV e |
o5 3 9|5 =
5o ] 38 : E
al L ] al 3
50 100 150 200 250 300 350 400 50 100 150 200 250 300 350 400

Py [GeV] P (Gev]

Figure D.13: Absolute differential cross-section measurement as a function of the leading
jet pr compared to interference generators (right) and MC generators (left).
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Figure D.14: Absolute differential cross-section measurement as a function of the sub-
leading jet pr compared to interference generators (right) and MC generators (left).
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Figure D.16: Absolute differential cross-section measurement as a function of the pr of
the bb4l system compared to interference generators (right) and MC generators (left).
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Figure D.17: Absolute differential cross-section measurement as a function of the mr of
the bb4l system compared to interference generators (right) and MC generators (left).
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Figure D.18: Absolute differential cross-section measurement as a function of the mass
of the bbll system compared to interference generators (right) and MC generators (left).

T T T T T
Vs =13 TeV, 140 ft* e  om

3 e E % 0.08f i 3

3 g _ . E @ 008 (5=13Tev,140f5' o o 1

g E_ WbWwb dilepton pwerPYe 3 Q C !

& 007 TUURITRER PWG+PYS (1) — S F WbWhb dilepton PWG+PY8 ]

B+ EoewN .22 PWGHPYB (1, ) E g 0.07— " EEREE PWG+PYS (1) —

N 0'06; PWGHPYS (pThard) = ﬁo_'- E ek, bjets 22 PWG+PY8 (fix, DS) E

b | . 228 PWG+PY8 (NNLO rew.) — - —

S oosEwtt - PWGPY8 (ecol) e S 0.06 PWG+PYS (0S) ]

=] g - PWGHHT (fix) E g C o e PWG+PY8 (bb4l) b

0.0 .!.'- Stat. unc. — 0.051 Stat. unc. —

Ei 1 Syst.+Stat. unc. 3 C i Syst+Stat, unc |

i i = C i g g 7

003E1 | E 0.04- | -

R E Fl™ 7

0.02— ] = cio1 1

c ! ] 0.03H E

0.01— ! — Ci 7

g 3 Lo -

= = 0.02— -

- 5 & C 7]

[s] e — - |

=lo = | = -

58 M2 = 0.01 =

= E [ Ll ]
c | I= 1.4F

S E| = 10F B

3g = ge 12f E

g8 E I [SI £

al E o E E

300 400 500 600 700 800 0 100 200 300 400 500 600 700 800
P (Gev] P Gev]

Figure D.19: Absolute differential cross-section measurement as a function of the pr of
the bbll system compared to interference generators (right) and MC generators (left).
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Figure D.20: Absolute differential cross-section measurement as a function of the pr of
the bb system compared to interference generators (right) and MC generators (left).

Observable |  PWG+PY8 | PWG+PYS8 (rix) | PWG+PY8 (bbdl) | PWG+PY8 (rix, DS) | PWG+PY8 (DS) |
| X*/NDF  p-value | x*/NDF  p-value | x*/NDF  p-value | x*/NDF p-value | x*/NDF  p-value

P 17.7/8 0.02 | 18.2/8 0.02 | 15.7/8 0.05 | 17.6/8 0.02 | 17.7/8 0.02
it 7.5/8 049 | 7.5/8 048 | 7.2/8 052 | 7.5/8 0.48 | 7.6/8 0.48
h 46.3/16 < 0.01 | 48.9/16 <0.01| 23.9/16 0.09 | 32.6/16 <0.01 | 33.1/16 <0.01
Pl 27.6/12 < 0.01 | 29.3/12 <0.01| 17.5/12 0.13 | 21.8/12 0.04 | 22.5/12 0.03
iets 9.3/7 0.23 | 9.4/7 0.23 | 21.7/7 <0.01 | 7.9/7 0.34 | 8.0/7 0.34
oA 56.0/9 < 0.01 | 58.4/9 <0.01 | 107.2/9 <0.01 | 55.7/9 < 0.01 | 56.9/9 < 0.01
mid 19.4/13 0.11 | 31.8/13 <0.01| 15.0/13 0.31 | 13.6/13 0.40 | 13.7/13 0.39
mbb 29.6/16 0.02 | 41.2/16 <0.01 | 27.5/16 0.04 | 28.4/16 0.03 | 27.7/16 0.03
pht 38.7/11 < 0.01 | 47.7/11 <0.01| 81.4/11  <0.01|32.2/11 <0.01 | 33.5/11 <0.01
i 14.2/9 0.12 | 27.2/9 <0.01| 7.7/9 0.56 | 2.9/9 0.97 | 3.2/9 0.96
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D.3 Absolute cross-section results with QUnfold

The absolute cross-sections measurements as a function of some of the kinematic variables
of the WbWb final-state objects are presented in Figures D.21 - D.27.
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Figure D.21: Absolute differential cross-section measurement through QUnfold as a func-
tion of the leading lepton pr compared to interference generators (right) and MC gener-
ators (left).
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Figure D.22: Absolute differential cross-section measurement through QUnfold as a func-
tion of the sub-leading lepton pr compared to interference generators (right) and MC
generators (left).
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Figure D.23: Absolute differential cross-section measurement through QUnfold as a func-

tion of the leading jet pr compared to interference generators (right) and MC generators
(left).
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Figure D.24: Absolute differential cross-section measurement through QUnfold as a func-
tion of the sub-leading jet pr compared to interference generators (right) and MC gen-
erators (left).
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Figure D.25: Absolute differential cross-section measurement through QUnfold as a func-
tion of the pr of the bb4l system compared to interference generators (right) and MC
generators (left).
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Figure D.26: Absolute differential cross-section measurement through QUnfold as a func-
tion of the pr of the bbll system compared to interference generators (right) and MC
generators (left).
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Figure D.27: Absolute differential cross-section measurement through QUnfold as a func-

tion of the pr of the bb system compared to interference generators (right) and MC gen-
erators (left).
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