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Abstract

Electron charge misidentification was the largest source of background
in the ee decay channel, and the third-largest background source in the
all-inclusive leptonic ¢/ channel in the ATLAS measurement of elec-
troweak production of same-sign W boson pairs in proton-proton colli-
sions, made using the partial Run 2 dataset collected during 2015-2016.
In this thesis, the sources of the charge misidentification are studied.
The contribution of this background to the measurement of the elec-
troweak production of two same-sign W bosons is then estimated using
a data-driven method, based on the full Run 2 dataset, corresponding
to an integrated luminosity of 139 fb~! and a center-of-mass energy of
/s = 13 TeV. The Electron Charge ID Selector, a tool based on a boosted
decision tree developed by the Egamma Combined Performance group of
the ATLAS Collaboration, is applied to reduce this background. The
background contribution in a ”Z-peak” control region in the ee channel,
with the dilepton invariant mass m.. satisfying |m.. — mz| < 15 GeV,
is reduced by a factor of 11. The background yield in the signal re-
gion (SR) in the ¢¢ channel is reduced by a factor of 4 and corresponds
to 10.3 £ 0.4 (stat) &+ 6.7 (sys) events using the full Run 2 dataset. To
increase the signal yields and to have a unified selection with other de-
cay channels, a possibility for extension of the electron pseudorapidity
range in the ee channel to the almost full acceptance of the inner track-
ing detector (|n| < 2.47) is checked. In this case, a background yield of
26.2£0.8 (stat) =12.2 (sys) events is obtained, with a factor of 1.6 signal
increase in the ee channel using the full Run 2 dataset.
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Chapter 1

Introduction

Particle physics pursues a description of the fundamental constituents of matter and their
interactions. The Standard Model of particle physics (SM), the most successful theory in
terms of theoretical predictions known so far, achieves this goal by means of a unified
description of quantum-mechanical principles (crucial at subatomic scales) and special
relativity in a quantum field theory whose conservation laws are derived based on symme-
try principles. The spontaneous breaking of the symmetry describing electroweak inter-
actions causes three of the four mediators of the this force, namely the W= and Z bosons,
to acquire mass by means of interactions with the Higgs field. The photon v, as the fourth
mediator, remains massless. Vector Boson Scattering (VBS) plays a crucial role in the
Standard Model of particle physics for the understanding of the electroweak symmetry
breaking mechanism, as well as the influence of the Higgs boson on the regularization
of divergences in the theoretical calculations. Two gauge bosons in the final state accom-
panied by two jets can be produced at the LHC through strong and weak interactions,
the latter being the mode sensitive to VBS. The production of two W bosons with identi-
cal electric charge and two jets is characterized by the largest ratio of the electroweak to
strong modes, compared to other diboson final states. It is therefore an ideal candidate
for testing the Standard Model predictions in the electroweak sector, by exploiting the
quartic couplings involved in the theory and the linear polarization of the W bosons.

The electroweak production of same-sign W boson pairs is experimentally accessi-
ble at the Large Hadron Collider using leptonic decays, concretely electrons and muons.
Since two leptons with the same charge are required in the final state, while opposite-sign
final state leptons are much more probable to be produced in terms of production cross
sections (e.g. through Z + jets or ¢t events), inefficiencies in the electron reconstruction
make the unlikely electron charge misidentification to become an important background
contribution for the measurement. For the measurement of electroweak production of
same-sign W boson pairs, the contribution due to electron charge misidentification is
dominant in the ee channel and the third most important contribution in the all-inclusive
¢¢ channel. In this thesis, the sources of the charge misidentification in the ATLAS de-
tector are characterized. The contribution of this background is then estimated using
a data-driven method for the measurement of the electroweak production of same-sign
WW with two jets using proton-proton collisions recorded at the LHC by the ATLAS ex-
periment for the full Run 2 dataset (139 fb~! at \/s = 13 TeV). A Boosted Decision Tree
(Electron Charge ID Selector, or ECIDS) developed by the Egamma Combined Performance

1



2 CHAPTER 1. INTRODUCTION

group of the ATLAS Collaboration is applied to reduce this background by removing
charge-misidentified electrons. By studying the signal significance in the signal region,
the reduction of this background allows to explore a further relaxation of the selection
criteria in the ee channel by considering the full angular acceptance of the inner detector,
increasing the number of expected signal events.

The SM and its theoretical framework are outlined in Chapter 2, as well as the phe-
nomenology of proton-proton collisions in hadron-collider experiments. The setup of the
ATLAS detector at the LHC is presented in Chapter 3 along with the reconstruction al-
gorithms of the different particles. The strategy to perform measurements on VBS and
especially on electroweak production of same-sign W boson pairs is described in Chap-
ter 4, introducing the analyzed dataset and the event selection in Chapter 5. Chapter
6 starts with an overview on the estimation of the charge misidentification background
in previous analyses of this process carried out by the ATLAS Collaboration, including
a quantitative study of the different sources of charge misidentification. The estimated
background contribution due to charge misidentification for the measurement of the elec-
troweak production of same-sign W boson pairs using almost the full Run 2 dataset at
Vs = 13 TeV is detailed in Chapter 7, along with its reduction using the ECIDS tool and
further explorations of the signal region relaxation in the ee channel. The conclusions
and outlook of this work are presented in Chapter 8.



Chapter 2

Theoretical Foundations

The theoretical framework provided by the Standard Model (SM) is used for the experi-
mental measurements performed in this work. In this chapter, the fundamental concepts
of the SM of particle physics are briefly outlined in Section 2.1. Electroweak gauge boson
scattering, as a relevant piece for this work, is introduced in Section 2.2 in the context of
the SM. The phenomenology of proton—proton collisions (pp) at high energies is described
in Section 2.3, along with the approach for computational simulations. The process of in-
terest in this work, vector boson scattering of W pairs of same-sign, its production in pp
collisions at the LHC and topology will be addressed in Chapter 4.

2.1 The Standard Model of particle physics

Physics explains forces in nature based on four fundamental sources, known as elec-
tromagnetic, strong, weak and gravitational interactions. The fundamental particles of
nature and their interactions are described with high precision by the SM, a quantum
field theory (QFT). Section 2.1.1 provides an overview of the theoretical description of
the SM. A deeper dive into its mathematical formalism is done in Section 2.1.2 in the con-
text of Quantum Electrodynamics, the quantum field theory that describes electromagnetic
interactions in the SM. Strong interactions are also described as QFT in the SM, whose
overview is presented in 2.1.3. The Electroweak sector, the most relevant component of
the SM in this work, is introduced in Section 2.1.4, whose predictions need to be suited
by introducing a symmetry breaking mechanism that will be discussed in Section 2.1.5.
The terms arising from this broken symmetry complete the SM Lagrangian.

2.1.1 Introduction

The SM describes the laws of nature at its most fundamental scale, where components of
matter are expected to be indivisible. For this purpose, elementary particles and their in-
teractions need to be addressed in detail, respecting the conservation laws of physics. The
Noether theorem [2] plays a crucial role when connecting these two objectives by proving
mathematically a direct relation between continuous gauge symmetries in a theory with
physical conservation laws. As a gauge theory, electroweak (unified description of weak
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4 CHAPTER 2. THEORETICAL FOUNDATIONS

st nd rd ; electro-weak
generation symmetry breaking  outside of
everyday matter exotic matter force particles (mass giving)  standard model
~ N AN N o
../' '\\ ./' "\ I/' by I/' \‘ - -
S~ ——
= ~ (7Y
4 !
{ W /
2.4M ( ( /37 o =
- . charge g
| color charge (rgorb) @
Jesstew g 125-6G
T o 5 | spin 2
= p
ER= H
4 [}
% % 4.8M g
3 E g S—
g :
e
3 o
down \ strange I} | bottom I} gluon 2 g
N J g
o
0.511M ‘ ((105.7m ‘ [1777G ‘ E
%‘.
T
g
_— ['=}
-] electron uon tau <
: = J J P
=5 @
g 5“ - B[ e "™
53 <22 ‘ (<017m ‘ (< 155M ‘ 804G 912G 5 g
a =
V V V g8 graviton 2
e Mo t g 8
e-neutrino H-neutrino t-neutrino g H . §
~ ! - R |
\ \_ / .............. o
12 fermions (+12 anti-matter) 5 bosons (+1 -nnnusim charged W)

INCIBaSING MASS m—]

Figure 2.1: Elementary particles in the SM (Source: [1]).

and electromagnetic interactions) and strong interactions emerge in the SM by postulat-
ing local symmetry invariance under the non-abelian group SU(3)¢c ® SU(2);, ® U(1)y.
Gravitational interactions can not be described yet by the SM. Every symmetry has a
corresponding charge, which allows charged quantum fields (associated to particles) to
interact under the corresponding symmetry. The concept of gauge invariance will be in-
troduced in more detail in Section 2.1.2 in the context of Quantum Electrodynamics, the
quantum field theory introducing the description of electrodynamics in the SM. Quan-
tum fields are classified according to their spin, taking half-integer numbers! (1/2, 3/2, ...)
for fermionic fields and integer values (0, 1, ...) for bosonic fields. Fermions, i.e. fundamen-
tal particles associated to a fermionic field, come in three generations and can be divided
into six quarks and six leptons (and their corresponding antiparticles) whether they are
charged under the SU(3)¢c symmetry or not, respectively. All generations share the same
quantum numbers but differ in the particle masses. The classification of the fundamental
particles in the SM is exposed in Figure 2.1 along with the mediators of the aforemen-
tioned interactions described in the SM.

The strong interaction, governed by the gauge group SU(3)c, is described in the SM
by mediation of eight gluons. Only quarks and gluons, particles carrying color charge (C),
interact through the strong interaction. The color charge can take values of red, green and
blue, and their corresponding anti-values. Only particles with vanishing net color have
been experimentally observed so far. Following this evidence, two different kinds of par-

Natural units % = ¢ = 1 are used in this thesis.



2.1. THE STANDARD MODEL OF PARTICLE PHYSICS 5

ticles can be produced, mesons (composed by two colored-opposed quarks) and baryons
(superposition of all three colors or all three anti-colors). This behavior is know as color
confinement and it is still to be proven analytically. Its behavior is commonly believed due
to the fact that no free, colored particles have been experimentally observed. The cou-
pling constant of strong interactions shows a peculiarity denoted by asymptotic freedom,
that makes quarks and gluons to weakly? interact at higher energies, allowing to pre-
cisely compute scattering amplitudes by using perturbation theory at this energy scale.
The QFT describing strong interactions within the SM is known as Quantum Chromody-
namics (QCD) and its theoretical framework will be revisited in Section 2.1.3.

Since the ordering in first, second and third generation increase with the mass, sec-
ond and third generations contain unstable particles that decay into lighter ones. There-
fore, stable matter in the universe is composed only by elementary particles contained
in the first generation. These decays are described in the SM by the electroweak inter-
action, whose formalism is outlined in Section 2.1.4. Electroweak interactions arise from
the gauge group SU(2); ® U(1)y, whose associated charges are the weak hypercharge (Y")
and the weak isospin T'. The third component of 7" (denoted by 73) added to Y provides
the electric charge Q = T3 + Y. The photon ~, a massless gauge boson that conveys the
interaction between electrically-charged particles, and three massive gauge bosons W+
and Z, mediate the electroweak interactions among particles. Under the SU(2), group,
quantum fields forming doublets are referred to as left-handed (LH) fermion fields, while
singlet fields are know as right-handed (RH) fermion fields. This structure introduces max-
imal parity violation®, as proven experimentally in 3~ decays [3]. Weak interactions also
introduce CP violation in the quark sector, regulating mass and interaction eigenstates of
up-down quarks by means of the CKM matrix [4, 5].

Since the electroweak gauge symmetry does not allow gauge bosons to be massive, it
is necessary to break this symmetry to generate massive electroweak gauge bosons W and
Z in the SM according to experimental evidence [6, 7, 8, 9]. This is done by introducing a
new complex scalar doublet in the theory with four new degrees of freedom [10, 11, 12].
Only one of them has physical meaning, the Higgs field, with the rest being removed by
gauge transformations. A candidate for the SM Higgs boson was discovered at the LHC
simultaneously by ATLAS [13] and CMS [14]. Its mass (about 125 GeV) and properties
are consistent with the SM predictions [15]. The Electroweak Symmetry Breaking (EWSB)
formalism will be visited in Section 2.1.5.

2.1.2 Fields and Gauge interactions in Quantum Electrodynamics

Quantum Electrodynamics (QED) is the QFT that describes electromagnetic interactions
among fundamental particles in the SM model. It predicts quantum-mechanical phe-
nomena at relativistic particle energies with astonishing accuracy. The illustration of its
mathematical framework, introduced in this section, is also shared by the rest of quantum
field theories in the SM.

Particles are described in the SM as quantum fields, with their propagation and inter-
actions described in the Lagrangian formalism. This formalism is described in detail, for

*Not meaning that they interact by means of weak interactions.
3Discrete symmetry transformation that drives spatial coordinates to their opposite, P() = —&



6 CHAPTER 2. THEORETICAL FOUNDATIONS

instance, in Refs. [16, 17] on which this overview is based. Equations of motion for a
freely propagating fermion spinor field ¢ can be obtained from the Euler-Lagrange equa-
tions applied to the Lagrangian density*

gDiraC = w (i’y“@u - m) w ) (21)

where *0,, is the contraction of the Dirac matrices v* and m is the mass of the fermion.
This Lagrangian is invariant under gauge transformations of the fermion field>, i.e., ¢ —
e'®), where « is a real phase factor. This Lagrangian is also known as free Dirac La-
grangian, since the corresponding equations of motion for the Dirac field 1) in #pjrac cor-
respond to the Dirac equation for ¢ and 9. In order to address the conservation laws and
previous knowledge from electrodynamics, the symmetry principles of the SM impose
the invariance under local gauge transformations under the U(1) group, which means that
the phase factor « is a function of space-time coordinates z,

W — @y (2.2)

However, the Lagrangian (2.1) is not invariant under Eq. (2.2). Introducing a new de-
gree of freedom in the Dirac equation A* addresses the required local symmetry invari-
ance, provided the transformation of the gauge boson field and the the so-called covariant
derivative D,,

Ay — A=Ay + Ouala),

Oy — Dy =0, +1iQA,, (23)

where A, is again a massless free gauge boson field. The invariance of Zpjrsc is now
accomplished by applying the transformations (2.2) and (2.3) which introduce a new in-
teraction term qipy* A, into the Lagrangian. The gauge-invariant Lagrangian for a spin-
half fermion interacting through a gauge massless spin-one boson field A, is obtained
by considering the free Dirac and interaction terms as well as the kinematic term for the
gauge field —3 F*F),,,

: . 1.
D%QED = gDirac + a%nt + gkin = 1/) (Z7M8u - m) ¢ + waY#Auw - ZFH F;w . (24)

“ZqoEp constitutes the Lagrangian of QED. The corresponding equations of motion are the
Maxwell equations known from classical electrodynamics. A, is then the electromagnetic
vector potential, F,, = 9,4, — 0,4, is the electromagnetic field tensor, and @ is the
fermion charge. If N kinds of electrically charged fermions need to be considered in the
same Lagrangian, only the sum Efv ZqED,; for the different fermion fields ; of electric
charge @; is necessary. The introduced Lagrangian can account for nearly all observed
phenomena from macroscopic scales down to 10715 m.

Following the same prescription, strong interactions can be described by imposing
local gauge invariance under the group SU(3) as discussed in the following. The arising
theoretical framework is known as Quantum Chromodynamics. A very similar approach
exploiting the group SU(2);, ® U(1)y provides a unified description of electromagnetic
and weak interactions. The mentioned approach will be covered in Section 2.1.4.

*In the following, the Lagrangian density will be referred to as ”Lagrangian”.
°Global phase transformation in U(1) group
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2.1.3 Quantum Chromodynamics

Strong interactions are delineated in the SM by a QFT known as Quantum Chromodynamics
(QCD), whose derivation is based on the requirement of local gauge invariance under
SU(3)¢ transformation of quark color fields g. The Lagrangian of free color fields, which
are also fermion fields, can be written analogously to Eq. (2.1) as

3
Loiracc = Y _ G (i7" —m) g5, (2.5)
J

where j runs over the three color charges red, blue and green. Local gauge invariance is
required in SU(3)c by means of the transformation

q; — gle() T 4, (2.6)

where T = {T,}, along the index a = 1, ..., 8, is the set of eight generators of the SU(3)
symmetry group. Since the generators T do not commute®, the group is non-Abelian.
Local gauge invariance is addressed analogously to Section 2.1.2 by introducing vector
fields with transformation properties

A
Oy — O + zgngM , (2.7)

a "a a 1
G, — G =G — g—aﬂaa(ac) — faben ()G

S

o (2.8)
coupling the eight gluon fields G{, with a coupling strength gs. Following the same ap-
proach, the imposition of local gauge invariance under SU(3);, leads to the Lagrangian
of QCD,

3
_ . — )\a a ]' a v
Locp = D 4 (iv" 0y — m) ¢ — g (%7“2(1]‘) Gl = 1 GwGa” (2.9)
J

with G}, = 9,G} — 9,G}, — gs fachZGf, being the strength tensor. As a peculiarity of
SU(3) and its non-Abelian structure, additional interaction terms arise in QCD from this
strength tensor, allowing self-interactions between gluon fields.

2.1.4 The Electroweak sector of the Standard Model

In the SM, electromagnetic and weak interactions are described in an unified framework
named the electroweak theory that requires local gauge invariance under transformations
of the SU(2), ® U(1)y group. In this group, fermion fields are represented by left-handed
(LH) doublets x, and right-handed (RH) singlets 1. For first-generation leptons, they
are expressed as’

xi(z) = < 6”_((?) > . Un(z) =ep(z). (2.10)

®Commutation relations are [T%, Th] = 4 fabeTe, Where fap. are the structure constants of the group SU(3).
"For simplicity in notation, explicit dependence of fermion fields on space-time coordinates = will be
omitted in the following.
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Expressions for the first-generation quarks as well as second and third generations are
analogous. As done in Sections 2.1.2 and 2.1.3, local gauge invariance under symmetry
groups SU(2)y, and U(1)y are imposed by

Y — oB(@)Y +iaa(z)7a XL, (2.11)

hr — POV yp (2.12)

the three Pauli matrices 7, are the generators of SU(2);, while the weak hypercharge Y
appears as generator of the group U(1). 3(x) and a(z) are the phase transformations. The
value of hypercharge for a LH fermion field takes Y = —1 and Y = —2 for RH fermion
fields. By transforming the derivative 0, to the covariant derivative, the Lagrangian
describing interactions between massless gauge boson fields and massless fermion fields
is obtained,

LW = LEW,int + LEW kin =
/

_ . T g - .
= XY |0, — gwEan + 71”3# Xt + OrY" [104 + gy Bu] Yr— (2.13)
1 L1
- {WaWE -
where the kinematic term Zgw i, for the gauge field strength tensors B, and W, was
included. Interactions between massless gauge boson fields and massless fermion fields
described in this theory are in contradiction with experimental evidence [6, 7, 8, 9, 18]. In

order to address these, the physical fields let, A, and Z,, are expressed as linear combina-
tions of the original gauge fields B, W (a = 1,2,3),

1 A cosf sin B
+ 1 Y172 n _ w w I
wi= e ()= (o (D). e

where the Weinberg angle 6y needs to be

B, B",

S in = —Jw 2.15
Vi +g2 YR e _—
to obtain the QED current A,. The expansion of .Zgw i for electroweak gauge fields
(2.13) introduces, in the same way as seen in Section 2.1.3 for QCD, self-interaction terms
among the electroweak bosons. Fermion interactions with electroweak gauge bosons are
introduced by Zw in.

cos Oy =

Local gauge invariance under the symmetry group SU(2);, ® U(1)y forbids these
gauge boson fields and the fermion fields to be massive®. Adding mass terms for these
fields destroys renormalization and unitarity, crucial for predictability potential of the the-
ory. In such a scenario, divergent cross sections predictions can arise for certain pro-
cesses’. To address the experimental observations tackling the aforementioned inconve-
niences, additional terms need to be added to Zgw. This necessity will involve the ap-
pearance of the Higgs field into the theory, that will allow the electroweak gauge bosons

$That is, terms of the kind m ¢, mw W, W*, mp B, B" break the required local invariance when they
are ad-hoc introduced into the Lagrangian.

? As an example, predicted cross section of vector boson scattering W W~ — W W~ would be directly
proportional to the center-of-mass energy of the system, o ~ —*—, where s is the center-of-mass energy and
mw is the mass of the W boson. According to this prediction, the cross section o grows faster than the total
cross section of the pp interaction.
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to acquire the mass observed experimentally with high accuracy. In Section 2.1.5 these
calculations are outlined.

2.1.5 Spontaneous Symmetry Breaking, the Higgs boson and the SM Lagrangian

In order to address the inconsistencies of the SM predictions with the measurements of
electroweak interactions, further developments on the calculations provided in Section
2.1.4 are needed. Mass terms are introduced in Zgw by incorporating a new complex
scalar boson field ¢ with non-vanishing expectation value in the ground state, that in-
teracts with the gauge boson fields by means of the covariant derivative producing a
spontaneous symmetry breaking of SU(2)r, ® U(1)y,

Ly = (Do) D'o — V(9) = (Do) Do — 2l + AgTo, (2.16)

with D, being the covariant derivative for SU(2);, ® U(1)y. The potential V(¢) is the
most general way to keep both renormalizability of the theory and gauge invariance with
p? < 0and A > 0 having a local maximum and infinite-degenerated minima. This new
complex scalar field has 4 degrees of freedom. The symmetry U(1)g needs to be unbro-
ken, so that non-zero hypercharge and isospin are required for ¢. Choosing these features
for the potential ¢,

1 0 N e
Qb(x) - \ﬁ < v+ h(l’) > ) ‘¢0| - a - ﬁ (2-17)

where |¢g| is the minimum value of ¢, also known as its vacuum expectation value. The
scalar field h(x) is the so-called Higgs field. The interactions of this field with the elec-
troweak gauge bosons, arising from Eq. (2.16), provide the corresponding mass terms in
the Lagrangian. Values for electroweak gauge bosons masses are related to the vacuum
expectation value of the Higgs field,

5 B mw B ’U2 92 _|_g/2

- L mpg = 2M ) mgz = — )
cos Oy 2

U
mw = 9 ’

ma=0. (2.18)

Along the same calculation, self-interactions of the Higgs field arise from the theory.
The aforementioned couplings also resolve unitarity and renormalizability of the elec-
troweak theory mentioned in Section 2.1.4.

Even though the Brout-Englert-Higgs mechanism incorporated the mass terms for
the electroweak gauge bosons into the Lagrangian (2.16), the mass terms for fermions
are still missing. The same Higgs doublet (2.17) is sufficient to explain also the fermion
mass terms by means of the spontaneous symmetry breaking of the same group. Gauge
invariant terms A xawa Uunder the SU(2);, ® U(1)y symmetry can be incorporated. As an
example, the corresponding term for lepton fields xr, and g is shown,

Arakawa = —Gr [XLOUR + VRO XL] (2.19)

with arbitrary parameters Gy, being ¢ = e, p1, 7. Using the same parametrization (2.17) for
the Higgs field, the mass terms for the different leptons and the interaction terms of the
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different leptons with the Higgs field h are

G - _ G, - _
Arukawa = Lmass + Lhit,int = % (Crlr+ lrlL) — 7% (Crlr + CrlL) N (2.20)

Adding the Lagrangian terms from the electroweak sector (2.13) (describing kinemat-
ics for the vector gauge bosons, their self-interactions, lepton and quark kinematic en-
ergies and interactions with vector gauge bosons), the couplings of vector gauge boson
fields to the Higgs (2.16) and the Lagrangian term describing lepton and quark masses
and couplings to the Higgs field (2.19) for all fermions (leptons and quarks) provides the
full Lagrangian for the Standard Model. The experimental evidence is predicted within
its theoretical framework with high accuracy. All the precision measurements carried out
in particle collider experiments so far, as shown in Figure 2.2 for the measurements in the
ATLAS experiment!?, are in agreement with the SM. Nevertheless, multiple experimental
observations in the recent years can not be explained in the context of its mathematical
framework. The SM is, therefore, an incomplete theory for a complete understanding of
the fundamental constituents of nature. For instance, attempts to incorporate gravitation
as a quantum field theory within the SM lead to non-renormalizable theories. There is strong
evidence of neutrino oscillations [20] that leads to the necessity of these to be massive, in
contradiction with the SM description of these particles. Astronomical observations in-
dicate presence of dark matter [21, 22, 23]. The asymmetry matter-antimatter has been also
observed in cosmology [24]. Furthermore, the impossibility to find CP violation in strong
interactions (known as strong CP problem [25]) or the difference between the scale of EW
symmetry breaking scale (v ~ 246 GeV) with respect to the Planck scale (the so called
hierarchy problem [26]) are not understood in the context of the SM.

2.2 Electroweak gauge vector boson scattering

The measurement of the scattering of massive gauge bosons, also called Vector Boson
Scattering (VBS), turns out to be an arduous task due to the very small cross sections their
predictions provide. Cross sections for electroweak production of gauge vector bosons
take place within the lowest orders of magnitude along the experimental observations
carried out at the LHC, as seen in Figure 2.2. Furthermore, the behavior of the Higgs bo-
son as crucial piece for a renormalizable electroweak theory (discussed in Section 2.1.4)
provides a window to test the EWSB mechanism in the SM with high precision. The
scattering of massive gauge bosons is closely related to the EWSB mechanism as the lon-
gitudinal polarization modes correspond to the Goldstone modes of the broken symmetry
[27]. Therefore, VBS is a very sensitive process to test the predictions of the SM, but also
to set limits on models beyond this theory. However, transverse polarized gauge bosons
are not related to EWSB mechanism [28]. VBS from transverse polarized gauge bosons is
therefore not sensitive to the details of the EWSB mechanism since the unitarity problem
does not arise by the scattering of vector gauge bosons in this polarization.

Deviations from SM predictions at the LHC energy regime can shed light to a path
towards new indirect measurements of physics beyond the SM. Establishing limits on

%To date, cross-section measurements at the LHC and other collider experiments are in agreement with
the SM predictions [15].
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Figure 2.3: NNPDF3.0 unpolarized parton distribution functions of gluons, valence and sea quarks com-
posing a proton at NNLO along different energy scales. (Source: [15]).

anomalous Quartic Gauge Couplings (aQGC) structure can narrow down effects of physics
beyond the SM in EWSB!!. This can be done by parameterizing deviations from the SM
within an Effective Field Theory (EFT)!2.

2.3 Phenomenology of proton-proton collisions

The Lagrangian formalism studied so far turns out to be insufficient to compute predic-
tions of specific observables to be directly tested in particle colliders. Indeed, protons are
not elementary particles but hadrons, i.e. particles arising from bound states of quarks
and gluons. This means that, in a hadron collision, processes of interest need to take into
account the proton constituents and all the possible initial states for theoretical consid-
erations. These components are also known as partons. They are considered to carry a
certain fraction of the proton energy when a collision of partons is studied. To account
for the fractions of proton momentum among its constituents, Parton Distribution Frac-
tions fi(r1,Q?) (PDF) are defined. A PDF represents the momentum distribution of a
parton ¢; inside a proton at a given energy scale %, with z; being the momentum frac-
tion of the parton ¢; with respect to the proton momentum. The PDFs are determined
experimentally using processes such as Deep Inelastic Scattering (DIS)!3. At the moment,
these functions can not be obtained from theoretical considerations and experimental
results are indispensable!*. Essential measurements on the knowledge of the proton sub-
structure by DIS were carried out at the HERA ep collider by the H1 [30] and ZEUS[31]
experiments. Results on the proton PDFs are shown in Figure 2.3 for two different en-
ergy scales Q2. The valence quarks of the proton (whose composition is uud) are visibly
enhanced. Due to the factorization theorem, it is possible to measure the PDFs at a cer-
tain energy scale Q* and extrapolate results to different energy scales Q% by means of the

"For details on the formalism and references, see Section 54 of Ref. [15].

2For an extensive review and basic concepts relevant to the construction of such EFTs, see Ref. [29].

BFor a detailed coverage of DIS and DGLAP evolution equations, see for example Chapter 18 in Ref. [15]
or [17].

4Gee Ref. [15], Section 18 for details.
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Figure 2.4: Pictorial representation of a pp collision produced with Sherpa 1.1 [35]. First, the initial state
of the process (taking in consideration the substructure of both protons in the collision) is simulated. Initial
state radiation of gluons and photons at this stage is taken into account. The hard processes comes next.
The signal process of interest (corresponding to the production of two jets in this figure) are depicted in red.
The underlying event is simulated as well (purple lines). Gluons experience fragmentation (light green) and
hadronize into leptons. Hadrons(dark green arrows) decay into lighter particles. The hadron decay vertices
are shown as dark green circles. Additionally, photons are radiated off the leptons (yellow curly lines). The
beam remnants (blue) are also taken into account in MC simulations. (Source: [35]).

DGLAP evolution equations [32, 33, 34]. Following this approach, the cross section for a
process X in a pp collision, pips — X, can be written as sum of partial partonic cross
sections 04,4, — X,

1
o-plpzﬁX - / diU]_dCCQ Z fql ($17Q2)fQQ(:C27Q2) daqquHX(xthvSaQQ) ) (221)

0 q1,92

with doy, ¢, x (21, 22, 5, Q?) being the partonic cross section where two partons ¢; and ¢z in
the initial state produce the final state X.

The calculation of partonic cross sections is not sufficient to reproduce the real condi-
tions observed in hadron collider physics. For instance, parton showers'®, hadronization
and underlying events are produced in such a collisions. These phenomena are not con-
sidered in the computation exposed in Eq. (2.21). At the moment, soft hadronic phenom-
ena such as hadronization and the underlying event production can not be calculated
from first principles, relying on QCD-inspired models'®. The consideration of these phe-
nomena in simulations is crucial in experimental hadron collider physics to know the

BSPerturbative evolution gives rise to a shower of quarks and gluons (partons). Multi-parton final states
from leading and higher order calculations of matrix elements are linked to these parton showers using
factorization prescriptions. For an overview and comparisons between different models, see [36, 37].

1A dedicated review on these models throughout different Monte Carlo Event Generators can be found
in Ref. [15].
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detector performance and the theoretical predictions. Monte Carlo methods (MC) suit ex-
cellently the quantum-mechanical behavior of such a physical processes. In Figure 2.4
a pictorial graph of a pp collision produced with Sherpa 1.1 [35] is shown. Simulations
in MC can be decomposed in two parts. The first corresponds to the matrix element gen-
eration, where mathematical computations for the process of interest are processed in
different orders of perturbation theory. The second part deals with the parton shower
and hadronization modelling. Several MC generators are used in this work to estimate
background contributions and expected signal yields as predicted by the SM. MC gener-
ators such as Pythia [38, 39] or Herwig [40] proceed with both steps at the same time, using
mostly leading-order matrix elements, which might not be sufficient for detailed studies.
Nevertheless, higher orders in perturbation theory can be computed very precisely by in-
terfacing the parton shower and hadronization with the matrix-element generators, such
as MadGraph [41].



Chapter 3

The ATLAS detector at the LHC

The ATLAS Collaboration conducts fundamental research in particle physics through
experimental measurements in pp collisions® at the Large Hadron Collider, located at
the European Organization for Nuclear Research (CERN) in Geneva, Switzerland. More
than 3000 members from 183 institutions, representing 38 countries all around the world,
constitute this collaboration [42]. In this chapter, the Large Hadron Collider accelerator
facilities and specifications are introduced in Section 3.1. In its context, the ATLAS detec-
tor is described in more detail in Section 3.2. To identify and reconstruct different kinds
of particles, multiple algorithms and selection criteria are applied on the signal recorded
in the different components of the ATLAS detector. The methodology followed in the
ATLAS experiment from 2015 until 2018 is presented in Section 3.3.

3.1 The Large Hadron Collider at CERN

At CERN, the European Organization for Nuclear Research founded in 1954 in Geneva
(Switzerland), a particle collider with unprecedented values of center-of-mass energies
and rate of particle collisions is installed, the Large Hadron Collider (LHC). Hadrons
(either protons or heavy ions) are accelerated approximately a hundred meters under-
ground in a circular collider 26,7 km long. The LHC is composed of eight arcs and eight
straight sections installed in the tunnel that previously hosted the LEP accelerator [44]. In
collider experiments, the event production rate of certain process with production cross

section o is inferred from

NN (3.1)

= dt = g, .

where L corresponds to the instantaneous luminosity, representing the flux of colliding
particles. The instantaneous luminosity L is defined by the experimental setup and it
has a dimension of number of particles per area per time. To explore rare events, i.e.,
processes with small cross sections, the instantaneous luminosity needs to be increased
to achieve a considerable statistical set to claim an evidence, a discovery or to carry out
a precision measurement. The total number of interactions is then given by the integrated

lEventually, heavy ions are accelerated at the LHC for specific studies and their products are measured
with the ATLAS experiment. Nevertheless, only pp collisions are relevant for this thesis.

15
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LHC Runs
Run 1 Run 2
2011 [ 2012 | 2015-2016 [ 2017 [ 2018
Vs [TeV] 7.0 8.0 13.0
Integrated luminosity [ 5.6 | 20.3 36.2 \ 443 \ 58.5

Table 3.1: Center of mass energy and integrated luminosities along different LHC Runs [43].

luminosity £
N:J-/L(t)dtzﬁ-a, (3.2)

whose value is measured in units of inverse barn. At the LHC, units of inverse femtobarn
are commonly used.

Designed to produce particle collisions
up to center-of-mass energies of /s = 14
TeV and L =10* m~2s~!, limitations in

= 807171711 =
technology have made the LHC to steadily % 70 ATHAS Qniine Luminosity E
increase its center-of-mass energy and in- g | —— 22w f-orer ]
stantaneous luminosity along time [43]. £ 60? e Ry E
Periods between upgrades of both accel- 3 50F e frame E
erator and detectors are known as Runs. £ a0F =
The different LHC Runs at the LHC are % 30b- E
classified in table 3.1. Values of center-of- = F 1
mass energies and integrated luminosities 20 EL
are also given. The evolution of (cumu- 10~ ElL
lative) delivered integrated luminosity by ob——— 1 — :

3 PO W oct

the LHC along years for Runs 1 and 2 are
also shown in Figure 3.1. Excellent perfor-
mance of the LHC during the Run 2 has
provided an important increase of instan- Figure 3.1: Cumulative luminosity versus day de-
taneous luminosity from 2016 until 2018 livered to ATLAS during stable beams in pp collisions.
(blue curves). Source [45].

Month in Year

Opposite magnetic dipole fields are
needed to bend two counter-rotating proton beams on a circular path. A total of 1232
superconducting niobium-titanium (NbTi) dipole magnets, that produce a magnetic field
of 8.3 T below critical temperature with superfluid helium at 1.9 K, are used to drive the
particle beams. Bunches composed of 1.1 - 10" protons are obtained by ionizing hydro-
gen using electric fields. The extracted protons are then injected into the pre-acceleration
chain. The pre-acceleration facilities of the LHC are presented in Figure 3.2, and it is
constituted by the linear accelerator LINAC2, that accelerates the protons up to 50 MeV;
the Booster and the Proton-Synchrotron (PS), speeding up the particles from 1.4 GeV up
to 15 GeV; and finally the Super Proton Synchrotron (SPS) where protons are accelerated
up to 450 GeV [46]. Protons at 450 GeV are then injected into the LHC and acceler-
ated with a separation of 25 ns (approximately 7.5 m for maximum proton speed) by 16
radio-frequency cavities. The nominal filling scheme of the LHC allows the accelerator to
introduce 2808 bunches per injection period per beam, colliding with a specific crossing
angle to prevent parasitic collisions on both sides of the desired interaction point. The
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Figure 3.2: Particle acceleration facilities at CERN. Adapted from [48].

resulting instantaneous luminosity is given by

fny N1 Ny

L =
2”\/(0925,1 + 03,2)\/(03,1 + 02,2)

xS, (3.3)

where f is the revolution frequency, n; is the number of bunches, N; is the number of
protons in bunch i = 1,2, and o, ; and oy, denote the beam width of bunch i along x
and y axes in the transverse plane, respectively. As a good approximation, beam widths
for both bunches can be assumed to be equal. The factor S depends on the operating
conditions (such as the crossing angle) and it usually takes values around 0.8 [47].

The collisions take place in four different interaction points, with their products recorded
by eight different experiments. The four largest experiments that are set along the inter-
action points are ATLAS and CMS, general-purpose detectors of complementary design;
the ALICE detector, that focuses on heavy-ion collisions and studies of confinement in
QCD and properties of the quark-gluon plasma; and LHCb, which is designed to carry
out optimized measurement on B-hadrons. TOTEM (that measures elastic scattering
phenomena and total cross sections) is installed at the same interaction point as CMS.
LHCf (that studies the origin of ultra-high-energy cosmic rays) and FASER (for searches
of new light and weakly coupled elementary particles) are installed along with ATLAS;
and MoEDAL (for direct searches of magnetic monopoles) sits with LHCb. This work is
based on data recorded using the ATLAS experiment in pp collisions for the Run 2 period.
The different components of the ATLAS detector are described in the following.
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Muon Detectors Tile Calorimeter Liquid Argon Calorimeter

Toroid Magnets  Solenoid Magnet SCT Tracker Pixel Detector TRT Tracker

Figure 3.3: Schematic view of the ATLAS detector and its components. Taken from [49].

3.2 The ATLAS Detector

The ATLAS experiment? [50] is a particle detector at the LHC designed for precision
measurements and searches for new phenomena in high-luminosity environments. The
ATLAS detector is composed of different cylindrical layers that complement each other.
The overall layout of detector is presented in Figure 3.3. According to this shape, a suit-
able coordinate system is presented in Section 3.2.1. The layers can be divided into four
main groups according to their roles. The inner detector measures tracks of charged par-
ticles with very high precision and it is covered in Section 3.2.2. Measurements on the
particle energies for photons and electrons, and separately for most of the hadrons, are
carried out by the electromagnetic and hadronic calorimeters, respectively, described in
Section 3.2.3. Finally, the muon spectrometer is covered in Section 3.2.4, used for precise
measurements of muon four-momenta. Technical details of the ATLAS detector can be
found in [50].

3.2.1 Coordinate System

At the ATLAS detector, the z-axis of the right-handed coordinate system points towards
the center of the LHC, the y-axis is defined upwards and the z-axis is parallel to the
beam pipe. For convenience, spherical coordinates are normally used. The origin of
the coordinate system is determined per event at the nominal interaction point (whose
definition and reconstruction are described in Section 3.3.1). The angular coordinates are
the polar angle 6, defined as the angle from the beam axis and the azimuthal angle ¢, which
is measured around the beam axis in the transverse plane (corresponding to the x — y

%A Toroidal LHC ApparatuS.
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plane). The rapidity y is defined with respect to the beam axis as

1 E+p,
y—21n<E_pz>. (3.4)

Contrarily to other space coordinates, the difference of rapidity between two objects is in-
variant under Lorentz boosts along the z-axis. Therefore, the rapidity is more convenient
to describe kinematics in hadron collider experiments than the polar angle §. Neverthe-
less, the pseudorapidity n is used instead since it is identical to the rapidity for massless
particles (and they coincide in the high energy limit), directly related to the polar angle
6. It is defined as

n = —Intan <g) , (3.5)

taking values from 0 (transverse plane, § = 90°) to oo or —oo (when 6 — 0° or § — 180°,
respectively) along the beam axis. Based on these definitions, transverse variables such
as the transverse momentum pr are well defined in the z — y plane in terms of n and ¢ as®

p = |p] = pr - coshn. (3.6)

The angular separation in the pseudorapidity-azimuthal angle space between two objects

can also be defined as
AR =/ An? + A¢?. (3.7)

3.2.2 Inner Detector

The ATLAS Inner Detector (ID) [52, 53] provides a precise pattern recognition, high mo-
mentum resolution, and accurate measurements of tracks for electrically-charged parti-
cles above 0.5 GeV within a pseudorapidity of || < 2.5 and full coverage in ¢. This
allows a confident reconstruction of primary and secondary vertices. It is immersed in a
2 T magnetic field generated by a thin superconducting solenoid that surrounds the ID. Mo-
menta of charged particles is then measured with high precision through the trajectory
bending. The ID is composed of three complementary subdetectors that work indepen-
dently. In Figure 3.4, the different subcomponents of the ID are presented. In the barrel,
the ID subsystems are installed in concentric layers around the beam pipe in the central
region. In contrast, the different layers are installed as transverse discs along the beam
pipe in the forward region. Regions at both halves of the detector cylinder containing these
transverse disks are referred to as end-caps.

Three barrel layers of silicon pixel allow for high resolution at pattern recognition from
33 up to 155 mm of the detector radii. Each layer provides a spatial resolution of 10 um
along the azimuthal direction and 115 ym along the axial (radial) direction of the barrel
layers (disc layers). The high granularity of the pixel detector and its proximity to the
interaction point is crucial for the reconstruction of primary and secondary vertices with
high resolution. The ID was expanded in 2014 by inserting a new, innermost barrel layer
called the Insertable B-Layer (IBL) [54] at 33.5 mm from the beam pipe. The IBL improves
the track reconstruction performance by more than 40% [55], providing a better precision
at vertex reconstruction and significant rejection of photon conversion.

3Properties cot @ = sinh 7 and cosh ) = sin~' § are useful to derive these relations.
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Figure 3.4: The r — z cross section view of the layout of the ATLAS Inner Detector for Run 2. The top panel
shows the entire Inner Detector, whereas the bottom panel shows a magnified view of the Pixel detector
region, where the additional layer for the pixel detector introduced for Run 2 is visible. Taken from [51].

Four and two more layers of stereo
pairs of silicon microstrip (SCT) span the de-
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g
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tector radius from 299 up to 560 mm in the Shc
L . @scT
barrel and end-cap regions, respectively. e

@l BL

Each module is composed of two layers of CJBeam Pipe

silicon micro-strip detector sensors glued
back to back with a relative stereo angle
of 40 mrad [56] to improve the measure-
ment of the z coordinate and the radial co-
ordinate for tracks of charged particles in
the barrel and disc layers, respectively. The
SCT layers provide around eight hits per
track with an intrinsic resolution of 17 pm x
580 pm per layer.

-
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Figure 3.5: Material budget of the ATLAS inner
detector shown in units of radiation lengths X, as a

. function of 7 for the different components of the ID.
Finally, several layers of gaseOL'lS’ Straw  External IBL supports and services outside the active
tubes are compressed in the Transition Ra- tracking volume are not included. Taken from [54].

diation Tracker (TRT) at the outer-most part,

spanning the radial region from 563 up to

1066 mm. The TRT subcomponent of the ID provides particle identification and improve-
ments on the momentum resolution for || < 2.0 and pr > 0.5 GeV, with a substantial
discriminating power between electrons and charged hadrons.
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The amount of material in the ID detectors and its influence on the particles passing
through it has implications in the particle reconstruction, especially for electrons and
photons. Electrons can emit photons through bremsstrahlung and, similarly, photons can
interact with the material producing e*e™ pairs (also referred to as photon conversions).
The probability of reconstruction for these particles is then affected by these phenomena.
A detailed knowledge of the material budget is therefore crucial to account for this issue
and carry out the pertinent corrections. The amount of material of the ID in the ATLAS
experiment is shown in Figure 3.5. The IBL introduces additional material into the ID
corresponding to 1.5% of a radiation length [51]. While the distributions are independent
on ¢, there is however a strong dependence on |n|. The increase of the material budget
along 1 has implications in the reconstruction of the particle energies.

3.2.3 Calorimeter System

After passing through the ID, particles produced in pp collisions reach the calorimetry
system [50], designed to efficiently perform at measuring energy and position of differ-
ent kinds of particles. The electromagnetic calorimeter (EMCAL) is divided in two main
components, the presampler (PS) and a high granularity liquid-argon (LAr) detector also
divided in front, middle and back layers with granularities of 0.0031 x 0.1, 0.025 x 0.0245
and 0.05 x 0.025 in the n x ¢, respectively. The finest granularity, offered by the front
layer up to |n| < 2.5, allows for particle discrimination against multiple photon showers
such as the ones produced in 7° decays. Energy of electrons and photons is measured
by fully absorbing them after the production of particle showers, whose shape allows to
identify different kinds of particles interacting with the EMCAL. The energy resolution
of the EMCAL is 10%/vGeV & 0.17%.

Hadronic objects (such as jets) have more penetration power and they are absorbed
in the scintillator-tile hadronic calorimeter (HCAL) that surrounds the EMCAL. The HCAL
is divided in three longitudinal segments with a coarser segmentation than the EMCAL
(0.1 x 0.1 for the barrel region in the  x ¢ space, getting coarser at higher 1). A worse
energy resolution of 50% /v GeV @3% is available for the HCAL in the barrel and end-cap
layers.

3.2.4 Muon Spectrometer

Muons are the only charged particles that traverse the calorimeter system. Therefore, the
recorded signal of charged particles outside the calorimeter system is a unique signature
attributed to muons. The ATLAS Muon Spectrometer (MS) is made of 5500 individual
muon chambers. The large size of the ATLAS experiment is primarily caused by an air-
core toroid magnet system, providing a magnetic field to bend the muon tracks in the r — z
plane (instead of the r — ¢ plane as done in the ID) to obtain a high momentum resolution.
The magnet system provides a magnetic field of 0.5 T in the central region and 1 T in the
end-caps. Fast trigger of the detector relies on the Resistive Plate Chambers (RPCs) and
Thin Gap Chambers (TGC) installed in the barrel and end-cap components of the muon
spectrometer respectively up to || < 2.4. Details on the different subcomponents of the
MS and their technologies can be found in Ref. [50].
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3.2.5 Trigger and Data Acquisition Systems

The ATLAS trigger system is designed to select the pp collisions of interest for readout at
an assumable rate that can be dealt by the storage capacities. The trigger system of the
ATLAS detector in Run 2 is divided in two levels. A hardware-based first level trigger
(Level-1) uses custom electronics to determine Regions of Interest (Rols) in the detector,
taking information from the coarse-granularity calorimeter and the muon detector as
inputs. At this trigger level, the event rate is reduced from the LHC bunch crossing
rate (of approximately 30 MHz) to 100 kHz with a decision time of 2.5 us. The Rols
defined at Level-1 are sent to a software-based high level trigger (HLT) where detector
information using the full granularity in either the Rol or the whole event is exploited by
sophisticated selection algorithms. This second trigger level decrease the rate from the
Level-1 output rate to approximately 1kHz within 200 ms of processing time. Further
details and references can be found in Ref. [57].

3.3 Object Reconstruction and Particle Identification

The ATLAS detector uses the recorded signature of the event to reconstruct physical ob-
jects that are relevant in physics. To build these objects, different algorithms and selection
criteria are applied to identify and reconstruct different kinds of particles, their interac-
tion vertices and tracks with reliable identification and isolation performance with re-
spect to background processes. In this section, the methodology followed in the ATLAS
experiment in Run 2 is presented

3.3.1 Track and Vertex reconstruction

Particle tracks can be reconstructed for charged particles along the full ¢ range and
In| < 2.5 using the hits recorded within the ID. The MS also comes into play for the
case of muons. These tracks are fitted to return a helix trajectory defined by a set of
five parameters, denoted by dy, 2o, ¢o, cot & and Q/pr. The transversal and longitudi-
nal impact parameters, dy and zp, are defined as the distance of closest approach to the
interaction vertex and its z coordinate, respectively. The parameter ¢ is the azimuth at
the point of closest approach, and cot § gives the inverse slope of the track in the r — 2
plane. The inverse transverse momentum @ /pr, with @) the charge of the particle, can be
deduced from the measured radius of curvature. Their corresponding uncertainties are
denoted by o(dp), o(zp), and so on. The ratios of the impact parameters over their un-
certainties (do/o(dp) or 29/ (20), for transverse and longitudinal impact parameters, for
instance) are referred to as significances and they are commonly used in analysis. Once
these parameters are known, the analytical path of the track trajectory is completely de-
fined. Details on the different approaches for particle track reconstruction can be found
in Ref. [58].

Many primary vertices can be produced in a single bunch crossing, mainly due to
superposition of multiple inelastic pp interactions. These multiple interaction points are
usually referred to as pile-up interactions. The number of inelastic pp interactions per
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Figure 3.6: Illustration of the electron reconstruction and identification through its path along the different
layers within the ATLAS inner detector. The hypothetical path of an electron (red) traverses the tracking
system (pixel detectors, SCT and lastly the TRT) and then enters the electromagnetic calorimeter. Interaction
of this electron with the detector material along its path through the tracking system can produce photons
by means of bremsstrahlung. The dashed red line shows the path for one of these photons. Both particles
would be finally absorbed by the electromagnetic calorimeter, with their energy being measured in different
towers of the EMCAL that compose the cluster. Taken from [62].

bunch crossing under constant beam conditions is denoted by p and is directly related to
the instantaneous luminosity.

Primary vertex reconstruction is essential when inferring the full kinematic properties
of the event. It is identified by matching reconstructed tracks pointing to an original com-
mon vertex. Details on the vertex reconstruction and pile-up determination can be found
in Ref. [59]. A resolution of the longitudinal vertex position about 30 m is achieved for
events with high multiplicity of reconstructed tracks, with a resolution of the transverse
position better than 20 pm [60, 61]. Estimations of the tracking efficiency with 7 and its
dependency on 1 and the number of interactions per bunch crossing ;. can be found in
Ref. [61]. The used algorithms are shown to perform well in very dense environments.
The track reconstruction efficiency decreases with greater values of ||, being close to 90%
for low i and decreasing to 65-70% for denser pile-up environments.

3.3.2 Electrons

In the central region (|n| < 2.5), electron reconstruction is based on three fundamental
components that characterize the electron signature: clusters of energy deposits recorded
in the EMCAL, reconstructed tracks in the inner detector and the matching between
them. Figure 3.6 illustrates the different elements of the ATLAS detector coming into
play on electron reconstruction. The reconstruction starts from the energy deposits (clus-
ters) in the electromagnetic calorimeter. Photons also follow a similar procedure to the
one described here, taking into account that their presence in the inner detector can be
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only inferred from conversion vertices. Electron (and photon) energies are obtained us-
ing dynamically-sized clustering algorithms [63]. The overall cluster forms what is named
supercluster. Details on this algorithm can be found in Ref. [63]. With respect to the older
sliding-window approach [64], improvements in energy resolution of 30-40% are possible
using superclusters. The resolution of measurements on the dilepton invariant mass are
also improved by 5-10%, which are maintained for detector environments with higher

pile-up [65].

An electron is reconstructed if at least one track is matched to the supercluster. In
the case where several tracks are matched to the same cluster, tracks with hits in the
pixel detector are preferred, and then tracks with hits in the SCT. Within each category,
tracks with a better AR (see eq. (3.7)) match to the cluster in the second layer of the
EMCAL are preferred. Following these preferences, a best-matching track is chosen to
retrieve the electron kinematics. The four-momentum of central electrons can be com-
puted using information from both the built supercluster and the highest-ranked track
matched to it. The electron energy is given by the energy of the cluster. The ¢ and 7
coordinates of the electron candidate are taken from the corresponding parameters of the
best-matching track at the vertex. The electric charge of the electron is also determined
from the curvature of the best-matched track. The electron charge can be misidentified
either by assignment of the incorrect track to the electron candidate or by a poor mea-
surement of the track curvature in approximately 0.3% of the electrons. The sources of
charge misidentification in the ATLAS detector are relevant for this thesis and they are
studied quantitatively in Chapter 6. The procedure for energy calibration closely follows
[66], updated with the aforementioned algorithm using superclusters for the energy re-
construction. The new energy measurement through the dynamical clustering algorithm
provides variations of the energy scale with the average collisions per bunch crossing p
lower than 0.1%. Efficiencies in electron reconstruction within the energy regime to be
used in this thesis are within 96.5-99.5% (pr > 20 GeV) depending on the pseudorapid-
ity. Deviations of the order of 5% can also be found for the increasing number of inelastic
interactions per bunch crossing [63].

Reconstruction algorithms do not discriminate against background processes such as
hadronic jets that can mimic electron signatures. In order to remove these contributions
electron identification selections are defined. The identification of prompt electrons relies on
a likelihood discriminant constructed from a set quantities related to the primary elec-
tron track, lateral and longitudinal development of the electromagnetic shower and the
spatial compatibility track-cluster. Detailed descriptions of these variables and their defi-
nitions can be found in [62]. Three reference working points are defined, with increasing
background rejection efficiencies, called loose, medium and tight. A list of variables in-
volved in each of them along with their performances can be found in [67]. For the Tight
working point (denoted by TightLH, used in this work), electron identification efficien-
cies measured in the data taking period 2015-2016 oscillate between 85-95% increasing
with greater pr and lower || [62].

Furthermore, isolation criteria are needed when balancing between a highly-efficient
identification of prompt electrons and good background rejection from heavy-flavour
decays or light hadrons misidentified as electrons. Different working points are also
defined for isolation [63]. The Gradient isolation working point will be used throughout
this thesis, designed to give an n-uniform isolation efficiency of 90% at p7 = 25 GeV and
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99% pr = 60 GeV.

To reject the electrons with wrongly reconstructed charge, the Electron Charge ID Se-
lector (ECIDS) has been developed based on a Boosted Decision Tree (BDT) discrimina-
tor, taking electrons with correctly reconstructed charges as signal events and charge-
misidentified electrons as background events. To avoid the mismodelling of charge misiden-
tification sources in Monte Carlo, the algorithm is trained using the 2015-2017 dataset
(80 fb™ 1) in z — ee decays. Input quantities to the BDT are the electron py and 7, the
charged transverse parameter (product @) x dy), the average charge of all tracks matched
to the electron weighted by their number of hits in the SCT detector (gscr), the ratio of en-
ergy measurements taken by the calorimetry and tracking systems (£/p) and the A¢ be-
tween the cluster position in the second layer of the EMCAL and the momentum-rescaled
track, extrapolated from the perigee, times the charge @ (A¢,..). Approximately 90% of
electrons with TightLH identification and Tight isolation requirements with incorrect
electric charge are removed. Further details are given in Refs. [63, 65]. The ECIDS tool is
applied in this thesis to reduce the contributions due to electron charge misidentification.

3.3.3 Muons

When traversing the ID and calorimetry system, muons lose a small fraction of their
energy. Their reconstruction is based on the tracks fitted by the ID and MS together, along
with energy depositions in the calorimetry system. Since muons are not absorbed by
the detector components, their four-momenta are inferred from the reconstructed track.
Details on muon reconstruction and performance measurements at /s = 13 TeV can be
found in Ref. [69]. Muon reconstruction efficiency close to 99% within || < 2.5 and
5 < pr < 100 GeV. The isolation efficiency varies between 93 and 100%. Momentum
resolution is measured to be 2.9% in Z — pu decays [69].

3.34 Jets

Color-charged particles produced in pp collisions hadronize before reaching the detector.
This phenomenon is realized in the detector by the production of jets, whose signal is
composed of groups of energy depositions and assigned reconstructed tracks. Jets are re-
constructed by using the anti-kr algorithm [70], which idealizes the jet as a cone spanned
from the production vertex up to the calorimetry system. Selection efficiencies are greater
than 95% [71] for pr >20 GeV, increasing up to 99.5% for pr >100 GeV.

The spatial resolution of the ID can resolve distances of several millimeters, which
is sufficient for the flight length of hadrons containing b-quarks*. Based on the trans-
verse and longitudinal impact parameters of the involved tracks and the reconstructed
secondary vertices, the identification of b-jets (i.e. jets produced by b-hadrons) can be ac-
complished. Artificial Neural Networks exploit the characteristic topology of these decays
to provide an efficient discrimination of b-jets from the rest of jet flavors over a large kine-
matic range. Details on the b-jet identification algorithms used in ATLAS during Run 2
and measurements of performance and efficiency are given in Refs. [72, 73]. Working

Their typical lifetime is of the order of picoseconds [15].
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points of 85%, 80%, 70%, or 60% are given according to the efficiency of b-jet identifica-
tion.

3.3.5 Missing transverse momentum

Neutrinos and other hypothetical purely weakly interacting particles do not produce any
signal on the different detector layers. Consequently, these particles introduce imbal-
ances in the sum of total momenta of the measurable particles. An inference of their
momentum can be done in the transverse plane using the missing transverse momentum
E&R=. The components of E7* and its azimuthal angle ¢™* can be obtained from

E;}niss — _ ZZ Ez sin 01 cos ¢Z } E',rln_'iss — \/(E;niss)? + (Eryniss)Q ,
By = — 3, E;sin0; cos ¢; é™s — arctan (Ey:zz) '

The resolution and performance of Ef'* are highly dependent on the reconstruction ef-
ficiencies of every object i entering into the sum given by Eq. (3.8). Fully calibrated
electrons, muons, photons, hadronically decaying 7-leptons, and jets reconstructed from
calorimeter energy deposits and charged-particle tracks are used for the computation of
Eq. (3.8), as well as soft-hadronic activity measured by reconstructed charge-particles
tracks that were not associated with hard objects. The influence of pile-up is notorious
[74]. Performance of missing transverse momentum reconstruction with the ATLAS de-
tector using proton-proton collisions at /s = 13 TeV and further details in its reconstruc-
tion can be found in Ref. [75].

(3.8)



Chapter 4

Electroweak same-sign I pair
production with two jets and its

topology

Vector boson pair production is a proccess sensitive to electroweak vector boson scat-
tering that can be studied by experiments at the LHC. Longitudinally polarized vector
bosons in the final state are particularly interesting due to the relation to the electroweak
symmetry breaking mechanism. As introduced in Section 2.2, the low production rate of
these processes leads to challenging analyses for their measurements. In this chapter, the
strategy to perform measurements on VBS at the LHC with special emphasis on the pro-
duction of same-sign W boson pairs and two jets in the final state is presented. In Section
4.1, same-sign WW pair production is highlighted among different possible final states
in VBS. In Section 4.2, its signature and arising backgrounds (Sec. 4.2.1) are discussed.

4.1 Electroweak same-sign W pair production with two jets for
Vector Boson Scattering measurements

When two protons collide, interactions of vector bosons can take place when they are
radiated out of the initial-state partons that take place in the hard process. The vector
bosons are then deflected from the beam direction and their decays enter the detector
volume. The two incoming partons involved are measurable in the final state as jets and
they normally follow the direction of the collision axis. These two jets are denoted as
tagging jets and carry the highest momenta in the event. A simplified presentation of
the most relevant Feynman diagrams taking place in diboson production with two jets
VVjj is presented in Figure 4.1. Only leading-order (LO) diagrams are taken into ac-
count. Arising diagram contributions to the scattering amplitude of V'V jj proportional
to af, a2 are referred to as QCD production while terms proportional to the electroweak
coupling constant as af, are denoted by electroweak production (abbreviated as EWK).
EWK production includes the contributions from triple and quartic gauge boson self-
interactions diagrams, along with the mediation of Higgs boson. These diagrams contain
the processes involving VBS (first row). Gauge bosons can also be radiated from one of

27
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Figure 4.1: Feynman diagrams of diboson production in association with two jets at tree level. In the fig-
ure, cem refers to the electroweak coupling (agw in the text). Although this is supposed to be a complete list,
some diagrams are understood as representations of a whole set of diagrams with e.g. one final state gauge
boson moved to another leg. If not required to construct a well-defined Feynman diagram, the possible
decay products of the final state gauge bosons are not shown for simplicity. Source: [76].
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the tagging quarks producing electroweak V'V jj in the final state (second row). Addi-
tionally, EWK V'V jj can be produced by non-resonant diagrams (third row) and triple
production of gauge vector boson when one of them decays hadronically (fourth row).
Differently to the EWK production, gluon-quark and gluon-gluon interactions arise as
QCD sources of V'V jj (fifth row). As gluons are abundant constituents of the proton (see
PDFs in Figure 2.3), QCD production is the dominant source for V'Vj; in the final state.
Even though QCD production can take place through triple gauge boson self-interactions
(diagram on the right-hand side of the fifth row), it does not have any contribution from
VBS. Hence, the QCD production of V'V jj is not sensitive to the electroweak symmetry
breaking mechanism.

In quantum field theory, the total production cross section of V'V jj is proportional to
the squared absolute module of the sum of all contributing scattering amplitudes,

0 X |///EWK + ///QCD|2
X |///EWI<|2 + |///QCD|2 +2Re (//EWK//ZQCD) (4.1)

= Ogwk + Tqcp 1 Tint »

i.e. the total cross section can be seen as the sum of the pure electroweak production
cross section ogywy (proportional to ]///EWKIQ), the pure-QCD production cross section cgcp
(proportional to |.#Zqcp|*) and an interference term oin; proportional to the coupling asaf,,,
whose net contribution can be positive or negative. Studies on the contribution of ojnt
claim that it is of the order of 3% of the total cross section and can be neglected as a first
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approximation [76]. However, its contribution might be crucial for precision measure-
ments [/7, 78, 79].

The electroweak component in Eq. (4.1) paves the way to test the electroweak sym-
metry breaking mechanism presented in Chapter 2. The isolation of this component with
respect to the QCD production is crucial to proceed with the desired precision tests in this
direction. Different processes involving VBS can be considered for this purpose according
to their separation capabilities between QCD and EWK components. Since vector bosons
are unstable particles of very short lifetime!, they are measured in their hadronic or lep-
tonic decay modes. In experimental particle physics, these modes are also referred to as
channels. Even though the hadronic decay modes have a larger branching ratio, the sepa-
ration of QCD and EWK components is unfeasible in this scenario due to the multiple-jet
production rate at the LHC. Hadronic channels are therefore discarded. Contrarily, the
leptonic channel ensures a good performance for these measurements. Experiments such
as ATLAS provide lepton reconstruction and identification efficiencies for electrons and
muons, as presented in Section 3.3. These efficiencies are considerably lower for 7 lep-
tons®. Therefore, only leptonic decay channels into electrons and muons are considered
for VBS measurements.

The VBS process involving two same-sign W bosons has the largest signal-to-background
ratio of all the VBS processes at the LHC, as found by the ATLAS [80, 81, 82] and CMS
[63, 84] Collaborations at the center-of-mass energy of /s = 8 and /s = 13 TeV. Mea-
surements on same-sign W W scattering (and VBS processes in general) are currently lim-
ited by statistics, an aspect that will improve in the near future for the results using the
full Run 2 dataset, as well as analyses in future LHC Runs. Furthermore, the WEW+ scat-
tering is the simplest VBS process for theoretical computations since the double-charge
structure of the leptonic final state limits the number of partonic processes and the total
number of Feynman diagrams to consider, while keeping all the interesting features of
VBS. Hence, within the current experimental limitations at the LHC, electroweak produc-
tion of same-sign W boson pairs turns out to be the best candidate to test the electroweak
symmetry breaking mechanism and constraint the Higgs couplings with precision mea-
surements within the SM. A more detailed discussion on the possible final states from
V'V jj, their sensitivity to VBS and experimental limitations can be found in [77].

4.2 Experimental signature of same-sign IV pair production with
two jets

The electroweak production of same-sign W boson pairs with two jets (WEW=j4)is char-
acterized by the presence of two forward jets originated by the outgoing partons in the pp
collision, two charged leptons (either electrons or muons) of identical electric charge and
missing transverse momentum provided by the neutrinos arising from the W boson de-
cays. Aiming an increase in sensitivity for the electroweak production of W*W %35 and

'Half-life for electroweak vector bosons is of the order of 107" seconds so that they do not even leave the
primary vertex (in terms of spatial resolution in the detector, see Section 3.3.1) before they decay into lighter
particles.

% They decay rapidly into lighter leptons and neutrinos, introducing an important contribution in the
missing transverse energy to be measured.
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Figure 4.2: Differential cross section distributions are shown for the electroweak (red) and QCD (blue)
production of the pp — et vevmjj process at /s = 8 TeV at LO and NLO QCD accuracy are presented. LO
contributions are shown as dashed lines while contributions from NLO are represented by solid lines. The
invariant mass of the two tagging jets m;; (left) and the absolute value of the difference in rapidity between
the two tagging jets |Ay;;| (right) are shown. At the bottom of each plot, the ratio between NLO and LO is
shown for both QCD and EWK components, showing the relevance of considering such a contribution from
the perturbative series along kinematic regions. Source: [77].

VBS processes (motivated in Section 4.1), the suppression of QCD production is studied.
Differential cross sections for electroweak and QCD production of pp — et utvevy,jj are
presented in Figure 4.2. The most remarkable differences for QCD and EWK production
cross sections can be found on the dijet kinematics in W*W=jj. A clear separation on
the absolute module of the difference in rapidity of the two tagging jets Ay;; is observed.
Jets from EWK production of W*W*j; exhibit a maximum around |Ay;;| = 4 at LO.
QCD-produced tagging jets are more prone to be fully transversal to the collision axis
(maximum at |Ay;;| = 0). Additionally, the production cross section of W*W*jj as a
function of the invariant mass of both tagging jets m;; shows a maximum at low values
for the QCD component. This distribution falls rapidly with greater values of m;;. This
dependence is shifted to greater values in EWK production. Therefore, measurements of
W*W=jj are more sensitive to the EWK production when considering regions of high
invariant mass of the two tagging jets as well as jet rapidities with |Ay;;| > 2. The ob-
served differences can be exploited to find an optimal signal region for measurements on
EWK production of W*W*j;.

4.2.1 Background processes

The low production rate of electroweak same-sign W boson pairs along with two jets
leads to other SM processes to become prominent background contributors for its mea-
surement. Especially, low inefficiencies in lepton reconstruction and identification be-
come important when reconstructing same-sign leptons in the final state from other SM
processes. Different categories can be defined for the classification of the background
contributions to the measurement of electroweak production of pp — WEW*jj —
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(Fvl*vjj. These categories are

e QCD production of same-sign W boson pairs with two jets in the final state (ab-
breviated as ssWW-QCD) lacks interest for accessing the electroweak symmetry
breaking mechanism of the SM. Then, its contribution is removed for a better isola-
tion of the EWK component of the WEW+j4 production.

e Promptlepton background contributions arise from other SM processes that mimic
the final state of interest. Processes such as WZ jj, ZZ jj or tt + W*/Z compose
this category when some of the final-state leptons are lost outside the event selec-
tion or due to misreconstruction. The contribution of W Z is normally considered
in its own category since it constitutes the main background source for this mea-
surement.

e Non-prompt lepton production is a crucial background source at the production
rate scale of the EWK production of WXW%jj. The presence of charged leptons
produced by secondary interactions (e.g. hadron decays into leptons) can be recon-
structed as fake prompt electrons and muons. Furthermore, imperfections from lep-
ton identification algorithms can allow peculiar detector signals to be reconstructed
as lepton candidates (even when there might not be a lepton interacting with the
detector). Due to the large cross section for multijet production or W=+ jets, non-
prompt lepton production constitutes a prominent background source even though
the misidentification rates are very low.

e Prompt photon conversion into eTe™ pairs, where only one of the electrons passes
reconstruction, identification and selection criteria, can mimic the final state of
WEW*jj — ¢*v6* 154 in processes such as W or Z7.

e Electron charge misidentification (also referred to as charge flip or charge misID
for brevity) becomes an important background source in decay channels involving
electrons. In SM processes decaying into two opposite-sign electrons (whose pro-
duction rate is orders of magnitude greater than the production rate of W*W=jj,
e.g. Z + jets, tt or WEWT + jets), background photons radiated off one of the
prompt electrons can convert into an ete™ pair. The track of the electron in this
pair with opposite charge respect to the original prompt electron can be wrongly
tagged as the prompt electron track, providing the wrong electric charge from its
curvature. These will then pass the selection criteria applied for the W*W=j;
measurement. Additionally, inefficiencies of the track reconstruction algorithm can
lead to misidentification of the track curvature orientation that leads to a misiden-
tified electric charge. Charge misidentification has been proved to be negligible for
muons in previous ATLAS analyses [55].

In this thesis, the contributions due to the electron charge misidentification are estimated
for the measurement of electroweak production of pp — WEW=*4j — (Fvitvjj using
the full Run 2 dataset recorded with the ATLAS detector at /s = 13 TeV. In Chapter 6,
an overview of the relevance of this background contribution along the analyses carried
out by the ATLAS Collaboration is given (Section 6.1) and studies on charge misidentifi-
cation sources (Section 6.2) along with an analysis in detector simulation (Section 6.3) are
presented.
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Chapter 5

Dataset, simulated events and event
selection

In this chapter, the data and MC sets used for the measurements presented in this work
are described. The used samples are briefly described in 5.1. From these samples, elec-
tron, muon and other physical objects are defined for physics measurements by applying
several selection criteria. Selections applied for this work, as well as the definition of the
signal region (SR) for VBS measurements are described in Section 5.2

5.1 Dataset and simulated events

In this work, the full Run 2 dataset recorded with the ATLAS detector in pp collisions is
used. The data taking periods are referred to as 2015-2016 (36 fb~1), 2017 (44 b~ ') and
2018 (58 fb~ ') datasets according to the classification given in Table 3.1. To avoid biases
during the measurement, the blinding strategy of the analysis only allows looking at data
events from 2015-2016 in the SR (defined in Section 5.2), as measurements were already
published by the ATLAS Collaboration for this dataset [52].

MC simulations with Madgraph [41] in Z — ee + jets are used for the study of the
charge misidentification sources in Chapter 6. The same samples are used for the compu-
tation of the charge misidentification probabilities, energy correction factors and closure
tests in Chapter 7. Generated events are processed through a detector simulation [36]
based on GEANT4 [57]. The events are reconstructed identically as the data, using the
same reconstruction algorithms. The simulation includes pile-up effects as described in
Ref [58]. Special MC campaigns are designed to reproduce the detector environments dur-
ing these periods of data taking. These are called mc16a, mc16d and mc16e for 2015-2016,
2017 and 2018 data-taking periods, respectively. Signal and background predictions are
also produced in MC simulation.

The predictions of the prompt background contributions are produced in MC simu-
lations. This category is divided into W Z (containing QCD and EWK production), ZZ
and top (including single-top, t¢ and t¢ + X, X = W, Z contributions). Contributions
from photon conversions are also computed in MC, including samples in W~ and Z7.
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This category is labeled as V. Additionally, signal samples (i.e. EWK production of
WEW=54, referred to as ssWW EWK) and QCD production of W*W*j;j (ssWW QCD)
are produced in MC. Background yields arising from electron charge misidentification
are estimated using a data-driven method that is the main focus of this thesis. Chapter 7
describes the methodology in detail. Lastly, non-prompt background is simulated using
data-driven techniques. The contributions from this background source, as well as from
other prompt background sources (e.g. triboson), are neglected in the control regions
used along this thesis as they are small in these and do not affect the conclusions. The list
of samples used in this thesis is given in Appendix A.

The Physics-xAOD (PxAOD) event data model is used for data and MC samples, an-
alyzed using the ATLAS Common Analysis Framework (CAF). Two ATLAS software
releases are used, 20.7 (used during the 2015-2016 analysis [582]) and release 21. These
will be referred to as Release 20 and Release 21 along the next chapters. Only differences
in the electron energy reconstruction (with the latest using the topological cell clustering-
based approach described in Section 3.3.2) were relevant between software releases for
this work.

5.2 Selection criteria

5.2.1 Event preselection

Events are selected online by single-electron or single-muon triggers [59]. These are listed
in Appendix A.1 for different data taking periods. The trigger efficiency in simulated
events is corrected to the efficiency in data based on efficiencies scale factors provided
by the Egamma and muon CP groups. To ensure that one of the signal leptons fired the
trigger, each event is required to have at least one electron or muon matched to a trigger
object, with a pr above the pr threshold of that object.

As many collisions per bunch crossing can occur, the vertex with greatest sum of
squared transverse momenta from the associated tracks is selected as the primary vertex,
which is used to compute all its associated quantities such as track impact parameters.
Only events where the primary vertex has at least three associated tracks are considered.
Contributions from additional pp collisions are simulated in MC by overlaying minimum
bias events from Pythia8. Differences in the pileup conditions in data and simulation
are corrected by reweighting the distribution of the average number of interactions per
bunch crossing (u). The distribution in data is shifted by a factor of 1/1.09 in the proce-
dure.

5.2.2 Object selection
In this section, the selection criteria for all the different objects used in the measurement
of same-sign W boson pair production along with two jets is presented.

For leptons, two sets of selection criteria are defined. First, loose preselection critera
are imposed, which have been optimized to reject multilepton processes. Ultimately,
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tighter selection criteria are applied, aiming at a selection of the signal leptons with high
purity. Muons are required to fulfil a set of quality requirements recommended by the
Muon CP group. Kinematic and geometrical cuts are applied to reject low-pr muons
coming from additional pile-up collisions and within the detector acceptance, imposing
Loose identification with no isolation requirement, with pr > 3 GeV and |n| < 2.7 for
the muon preselection. Additionally, the transverse and longitudinal impact parame-
ters must fulfill |zpsinf| < 0.5 mm and |dy/o4,| < 10. The signal muons are further
selected with Medium identification and FixedCutTight isolation criteria to reduce the
contributions from background sources. The selected muon must have pr > 27 GeV,
In| < 2.5, and impact parameters of |zpsinf| < 0.5 mm and |dy/o4,| < 3 to ensure its
origin at the primary reconstructed vertex. The electron energy is reconstructed in the
EMCAL. The electron preselection requires Loose identification and no isolation require-
ment, with pr > 4.5GeV and |n| < 2.47. Additionally, the electron track must have
|zpsinf| < 0.5 mm and |dy/oq4,| < 5. Then, signal electrons are selected with Tight iden-
tification and Gradient isolation requirements, having pr > 27 GeV, || < 2.5 and impact
parameters of |z sinf| < 0.5 mm and |dy/o4,| < 3. The crack region 1.37 < |n| < 1.52is
excluded for the electron selection.

Jets are reconstructed from the topological calorimeter clusters using the anti-k7 al-
gorithm [70] with a resolution parameter of R = 0.4 and preselected by requiring pr >
20 GeV and |n| < 4.5. The selected, calibrated jets are required to have pr > 30 GeV in
the forward region of the detector (2.4 < || < 4.5) and pr > 25 GeV in the central region
(In| < 2.4). For jets passing this selection, the MV2c10 tagger is used to identify b-jets with
the 85% efficiency working point.

The missing transverse momentum E7* is determined by the energy collected by
the electromagnetic and hadronic calorimeters and by the muons measured by the muon
spectrometer and inner detector.

The preselected objects are subject to an overlap removal procedure that attempts to
remove possible duplications due to the same particle being reconstructed by two or
more reconstruction algorithms. The standard approach used in ATLAS can be found in
Ref. [90].

5.2.3 Event selection and the signal region

For the event selection, two isolated, well reconstructed same-sign leptons (either elec-
tron or muon) are required, having pr > 27 GeV. In order to suppress contributions
from WZ, events with only two leptons are kept. B-jets are vetoed to suppress con-
tributions from ¢¢. Additionally, the invariant mass of the two leptons is required to
be my > 20 GeV, with an additional Z window veto in the ee channel (|m.. — mz| >
15 GeV) to mitigate contributions due to charge misidentification. To suppress the charge
misidentification background, the electron pseudorapidity in the ee channel is restricted
to |n| < 1.37. The missing transverse energy is also required to fulfill Ef¥* > 30 GeV.

The SR pursues the selection of electroweak VBS processes motivated by the discus-
sion in Chapter 4. For this purpose, two jets of pr jo > 65 GeV and pr ;1 > 35 GeV are
required. The pseudorapidity of both must satisfy |n| < 4.5, with a difference of rapidity
|Ay,;| > 2. Finally, the invariant mass of the two jets must be m;; > 500 GeV.
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Chapter 6

The charge misidentification
background and its sources

Charge misidentification becomes an important background contribution to the measure-
ment of processes with two same-sign leptons in the final states involving electrons. As
the main topic of this thesis, the relevance of the charge misidentification background
in the context of same-sign W production measurements in hadron colliders will be
reviewed in 6.1. The sources of charge misidentification are classified in Section 6.2.
In Section 6.3, kinematic and track properties of the different identified electron types
are presented. The estimation of the background contribution to the measurement of
WHW+;; using the full Run 2 dataset (139 fb™ ') is computed for the ATLAS Collabora-
tion. Methodology and results are discussed in Chapter 7, as well as approaches for its
reduction.

6.1 Relevance of the charge misidentification background for the
same-sign W analysis

The measurement of electroweak production of W*W=; deals with contributions from
electron charge misidentification as one of the most important background sources for
the leptonic channels involving electrons. Concretely, it is the third largest contribution,
after W Z and non-prompt sources. Proportions are presented in Figure 6.1 for the back-
ground and signal yields in the signal region considering the sum of all measured decay
channels (referred to as all-inclusive ¢¢ channel). It is worth to notice the uncertainties
that come along these yields. In the values provided in Figure 6.1, systematic and statis-
tical uncertainties are summed in quadrature. Uncertainties of 28%, 52% and 26% with
respect to the nominal value are given for contributions of W Z, non-prompt and e/~ con-
versions, respectively. The uncertainty of the estimated non-prompt background yields
is approximately 50% in the pu final states and varies between 40% and 90% for the ee
and ey decay channels. Theoretical uncertainties dominate the W Z contribution.

The focus of this thesis is the electron charge misID. For the analysis using the dataset
of 36 fb~!, the main sources of uncertainty for this background contribution come from
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Other prompt
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Figure 6.1: Number of events in the signal region for the electroweak production of same-sign W boson
pairs (signal, abbreviated as ssWW EWK) and different background yields contributing to the measurement.
The yields from the four channels taking place in the measurement (ee, ey, pe and pupt) are summed. Both
prompt photon conversions and background sources due to electron charge misidentification are considered
in the blue yield. Source: [82].

| [ [ oo [ ow [ ew [ e [ i ]
Yield (+ stat) | 1.33+0.08 | 1.17+0.08 | 2.36 £0.28 | 1.85+0.21 | 1.11£0.14 | 1.10+0.15
SF up +0.13 +0.10 +0.08 +0.06 +0.03 +0.03
SF down -0.10 -0.10 +0.03 -0.04 -0.02 -0.02
Energy corr +0.05 +0.03 +0.20 +0.18 +0.01 +0.01

Table 6.1: Estimated event yields for the electron charge misID background contribution in the signal re-
gion are presented for the last analysis in ATLAS using the 2015-2016 dataset [82]. In this table, the first
lepton in the pair indicates the lepton with the highest measured pr in the event. Central values and sys-
tematic uncertainties are listed in the table for the ee, ey and pe channels, for positive and negative final
states separately. Systematic uncertainties due to the used methodology arise from variations on the applied
scale factors (SF).

statistical uncertainties in the measurement of the charge misID rates (whose computa-
tion is detailed in Chapter 7). Other possible biases are in the estimation method, being
less than 10% for the forward region || > 2 and up to 20% in the central region [52]. Two
main analyses in ATLAS, using Run 1 [80] and the partial 2015-2016 dataset of Run 2 [91],
are available to track the improvements on the charge misID background determination.
Detailed values along decay channels are provided in Table 6.1 for background yields,
statistical and systematic uncertainties in the signal region. Even though the selection
criteria for the signal region was optimized for the later (so that the compared signal
regions might differ), important improvements can be noticed for the charge misID back-
ground estimation. Aside statistical uncertainties that are reduced due to the use of larger
datasets, systematic uncertainties were importantly reduced, going from total uncertain-
ties of 19% (ee channel) and 37% (eu channel) in Run 1 [80] to 7% (ee) and 9.6% (eu) of
the nominal value in the 2015-2016 dataset [91], respectively. Furthermore, the decom-
position of sources for systematic uncertainties on the latest available analysis is found
for individual channels in lepton flavor and electric charges in the final state [91]. For the
ee channel, the main source of systematic uncertainty is found in the used methodology
through the use of scale factors (SF). The restrictions || < 1.37 and a Z mass window
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Figure 6.2: Sketch on the electron charge misidentification due to bremsstrahlung radiation when inter-
acting with the detector material. The electron produced in the process of interest (green) is referred to as
generated electron. Once it enters the detector, the genrated electron becomes the prompt electron (blue) which
interacts with the detector material (linac rectangles) along its path. At the interaction points (black dots)
photons can be produced through bremsstrahlung (labeled as « radiation), photons that can subsequently
decay into e™e™ pairs (y conversions). The overall shower of electrons and photons is then absorbed by
the electromagnetic calorimeter, resulting in a spreading cluster. Among the various assigned tracks to the
electron candidate (represented by dashed lines) for the subsequently produced electrons and photons, the
one from a electron with opposite charge can be selected as the best-matching track, retrieving the wrong
electric charge for the electron candidate (black ™).

|mz — my| < 15 GeV are applied to suppress the contributions of this background in
the ee channel. The main source in the ey channels comes from the applied method for
the energy correction (discussed in detail in Chapter 7), contrarily to the pe channel. The
reason of this difference was not found in the reference. Since the first lepton of the pair
labeling the channel refers to the lepton of highest reconstructed pr, the different back-
ground yields observed between the ey and pie channels shows an increase of the electron
charge misidentification phenomenon at higher energies. Even though the full pseudora-
pidity range is considered for e; and pe channels, statistical uncertainties are dominant
for the ;e channel, where the expected background yields are lower.

6.2 Sources of charge misidentification in the ATLAS detector

The ATLAS detector provides excellent electron reconstruction efficiencies throughout a
wide range in transverse momentum and pseudorapidity. Nevertheless, charge misre-
construction becomes an important background contribution when considering decays
into final states with two same-sign leptons in measurements with constrained cross sec-
tions. For these cases, the expected number of signal events can become comparable to
the unlikely effect of charge misidentification.

The electric charge of the electron is inferred from the track curvature reconstructed
in the inner detector. The inner detector material (whose distribution is shown in Fig-
ure 3.5) lessens the signature quality left by the electrons in terms of irregular track-to-
cluster assignments or poor reconstruction of the track curvature. Previous studies on
charge misidentification in the ATLAS detector confirm this hypothesis [92], identifying
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bremsstrahlung and straight-like tracks produced at high-pr as main sources of electron
charge misID.

In Figure 6.2, an illustration on the misidentification of the electron charge due to
bremsstrahlung is presented. An electron is created in the process of interest, e.g, by a
MC generator. This electron, referred to as generated electron, is shown in green on the
left-hand side of Figure 6.2. The generated electron enters the detector (or seeds the de-
tector simulation in MC), becoming the prompt electron along its path. Its trajectory is
depicted by a solid blue arrow. While the prompt electron travels through the detector
material (shown as small lilac rectangles), interactions take place. Points of interaction
are shown as black dots. These interactions can produce photons (v radiation) through
bremsstrahlung that can later decay into e*e™ pairs (y conversion). In the end, the most
energetic component of the shower produced by these subsequent production of elec-
trons and photons is absorbed by the electromagnetic calorimeter as a spreading cluster
(blurry orange EM cluster). Lastly, multiple tracks (dashed arrows) are reconstructed by
matching the EM topoclusters to the hits produced in the ID by the prompt and the sub-
sequently produced electrons. Among all the tracks assigned to the electron candidate,
the reconstructed electron charge (black e') is then inferred from the curvature of the
best-matching track (that can be taken from an electron with opposite charge respect to
the prompt electron) that fulfills the preferences described in Section 3.3.1, e.g. when the
electron with wrong charge has the track of highest transverse momentum.

Electrons can also radiate by Final State
Radiation (FSR), mimicking the signature pre-
sented in Figure 6.2. A Feynman diagram
for this process is shown in Figure 6.3. The
electron in the final state emits a photon
collinear to its trajectory, acquiring an impor-
tant amount of the electron four-momentum.
Then, when traversing the detector material,
the FSR photon produces an electron-positron
pair that is reconstructed as electron candidate.
Contrarily to bremsstrahlung (produced by in-
teractions with the detector material), FSR ra- Figure 6.3: Feynman diagram for FSR radia-
diation takes place at generation level and no tionin Z/y+ leptonic decay into £7£™.
detector effects are involved a priori. Conse-
quently, FSR is not considered as a source of charge misID.

Charge misidentification can also arise from a mismeasurement of the electron track
curvature. For a charged particle traveling with velocity ¢ within a homogeneous mag-
netic field B such that ¢ | B, the trajectory is bent with a certain radius of curvature pro-
portional pr/Q, where Q is the charge of the particle, in a plane perpendicular to B. This
proportionality depends on the intensity of the magnetic field, | B| [93]. For a constant B,
the radius of curvature is only dependent on p7, with the trajectory being more bent for
decreasing pr. Charged particles with very high transverse momentum can, therefore,
pass through the inner detector with very low curvature. Furthermore, the fit quality of
the track is reduced within regions of high |7|. For instance, the end-cap layers of the TRT
detector do not record signature for particles with |n| 2 2.0 (see Figure 3.4). Particle tra-
jectories within the inner detector are difficult to be bent along the forward region since
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these particles travel parallel to the direction

of the magnetic field. In Figure 6.4, a illus-

tration of this source for charge misID is pro- e o€
vided. A high-pr prompt electron is poorly

bent by the magnetic field (blue). The sig- Misreconstructed
nature left by the prompt electron (blue dot) track
in the EMCAL (orange spot) is correctly as-
signed to the correspondent generated particle
(green). Due to a reduced bending of the re-
constructed track and a poorer quality of its fit
(shown as a dashed line), the orientation of the
track bending can be misleading, providing a
wrong reconstruction of the electric charge.

Generated electron

Figure 6.4: Sketch for high pr track misrecon-
To verify the aforementioned sources, struction.
charge misidentification is studied in the AT-
LAS detector using MC and detector simula-
tion in Section 6.3.

6.3 Investigations of charge misidentification sources in detector
simulations

In this section, the sources of charge misidentification described in Section 6.2 are ana-
lyzed using MC processed through detector simulation. For these, truth information is
available from the simulation to define the sources of charge misidentification. In Section
6.3.1 the accessed truth information is defined, with Section 6.3.2 showing the arising
kinematic differences between correctly and wrongly reconstructed electron charges. In
Section 6.3.3 the different observed sources of charge misID are studied at truth level
using both their kinematic and tracking features.

6.3.1 Methodology and truth information assignment

In detector simulation, the truth information on the reconstructed and generated elec-
tron is retrieved. It helps to determine whether the reconstruction of the charge was
successful. The electron is identified at generator level. In the final state, only the truth
information on the simulated electron closest to the reconstructed best-matching track of
the electron candidate is available. The electrons of interest are divided into prompt and
background electrons at truth level. The process of origin is also identified, e.g. electrons
from Z boson decays, photon conversions or FSR photons. The transverse momentum
of a particle at truth level pi*™ is also interesting to study the resolution in energy re-
construction. The true charge of the reconstructed electrons is needed to identify charge
misidentification in the detector simulation. This true charge is inferred from the electron
at generation level, which is different from the reconstructed charge obtained from the
track reconstruction in case charge misID takes place.

Charge misidentification is fundamentally caused by imperfections in the electron
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reconstruction algorithms. For MC, these come into play in detector simulation. Conse-
quently, no considerable differences among either MC generators or physical processes
are expected!.

For the studies on charge misidentification sources presented in this section, events in
Z — ee MC pass single-lepton trigger and matching. Electrons are selected with TightLH
identification and Gradient isolation. Additionally, the overall acceptance of the inner
detector, || < 2.5, is considered (excluding the crack region in the EMCAL, 1.37 < |n| <
1.52). The electron energy is reconstructed using the signature in the electromagnetic
calorimeter. Additionally, electrons must satisfy pr > 20 GeV and the invariant mass of
the two electrons is required to be my, > 20 GeV to remove contributions from soft-QCD
processes.

Electrons passing these criteria are divided into four different categories according to
the description given in Section 6.2. Firstly, prompt electrons are characterized by select-
ing Z boson decays as origin of the generated and reconstructed levels of the electron.
Secondly, electrons arising from photon conversions are defined as a prompt electron
produced in a Z boson decay at generator level, whose reconstructed electron in the de-
tector simulation is found to be a background electron arising from a photon conversion.
Additionally, each of these two categories is splitted into cases where charges at genera-
tor and reconstructed level agree or disagree, i.e. they involve correct or wrong electron
charge identification, respectively. Technical details for the definition of these categories
are given in Appendix B.3.

The described methodology is applied to compare kinematic distributions for charge
misidentified and correctly reconstructed electrons. Different charge misID sources are
further investigated in Section 6.3.3.

6.3.2 Kinematic properties of charge-misreconstructed electrons

The electron signature for correctly and wrongly reconstructed charges is studied in this
section. To separate both contributions, the agreement between generated and recon-
structed electric charges is tested for electrons passing the selection criteria. In Figure 6.5,
the reconstructed electron pr, the pseudorapidity |7|, the invariant mass of both electrons,
the significance of the transverse impact parameter dy/o4,, the ratio between energy re-
constructed in the EMCAL over energy measurement from the track curvature E/p and
the number of tracks assigned to the electron candidate (nTracksPerParticle) are presented
for the full Run 2.

Correctly reconstructed electrons (solid lines) show a strong tendency to be produced
with transverse momenta measured in the EMCAL around 45 GeV, according to the kine-
matic constraints of the Z — ee decay. The charge is correctly reconstructed in 99.6% of
the cases. Contrarily, charge misID constitute a rare phenomenon (0.3% of the electrons)
and tend to be misidentified at greater values of pr (dashed lines). Important differ-
ences are observed on the || distribution for both electron types. Correctly reconstructed
charges are mostly found in central regions of the detector. Electron charge misidenti-

'FSR radiation, whose final state mimics the signature produced by bremsstrahlung radiation, do depend
on the used generator.
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Figure 6.5: Kinematic and track distributions for electrons with correct (solid line) and wrong charge

reconstruction (dashed line) in simulated Z — ee decays using the full Run 2 sample (139 fb~"). On top,
the reconstructed electron pr (left) and the pseudorapidity |n| (right). The central row contains the invariant
mass reconstructed with both electrons my, (left) and the significance of the transverse impact parameter
do /o4, (right). Below, the ratio between energy reconstructed in the EMCAL over energy measurement from
the track curvature E/p (left) and the number of tracks assigned to the electron candidate (nTracksPerParticle,
right). Only statistical uncertainties are shown. At least one charge -misidentified electron is considered for
the my, distribution of wrongly reconstructed electrons.
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fication takes place at larger values of ||, concretely for || > 1.52 and prominently in
the region 2.3 < |n| < 2.5. The dependency of charge misID with 7 is observed to be
in agreement with the material distribution of the inner detector shown in Figure 3.5.
An important fraction of charge-misID electrons is found in the most-forward regions of
the inner detector ( 2 2.3). Electron charge misidentification is enhanced in this region
where tracks difficultly bend when getting parallel to the direction of the magnetic field
within the inner detector. The reconstruction of the Z boson invariant mass shows ex-
cellent performance when two correctly reconstructed electrons are involved?. When at
least one charge-misidentified electron comes into the computation of my a worsened
reconstruction of the Z boson mass is observed, with the distribution being shifted to
lower values of energy. Energy leakage due to interactions with the detector material
cause this smearing of the invariant mass reconstruction. Electrons with wrongly recon-
structed charges show a track misalignment when observing the dj significance. The
best-matched reconstructed track to these electron candidates do not cross the primary
vertex, being the transverse impact parameter larger (in absolute module) than its corre-
sponding uncertainty by a factor of 2 in most of the cases. This indicates that the recon-
struction of the best matching track was induced by an electron that was not produced at
the primary vertex. For electrons with correctly reconstructed charges, the extrapolation
of the reconstructed track tends to be close the interaction vertex, providing a small value
of the transverse parameter dy within its uncertainty o4,. The ratio £/p turns out to be a
very promising variable to distinguish between correctly and wrongly reconstructed elec-
tron charges. While the energy measurements from the calorimetry and tracking systems
are in excellent agreement for correctly reconstructed electrons (by showing a prominent
peak at E/p = 1), this agreement is completely lost when the charge is misidentified,
tending to values of E/p close to zero. Since the energy reconstruction algorithm in the
EMCAL performs well for correctly and wrongly reconstructed electrons as seen from
the pr and my, distributions, the momentum inferred from the track is therefore overesti-
mated when compared to the measurement from the electromagnetic calorimeter in most
of the cases. While only one track is assigned to correctly reconstructed prompt electrons,
additional tracks are normally assigned when the electric charge misidentified, showing
the influence of subsequent production of electrons and photons on the charge misID.

Interactions with the detector material influence strongly the energy resolution (com-
puted as pis°/pi™"—1), as seen in Figure 6.6. While correctly reconstructed electrons show
a sharp Gaussian-like distribution centered at zero (i.e. both good precision and accuracy
at the same time), the energy resolution is smeared to negative values for wrongly recon-
structed electrons in an asymmetric way. The tails do not correspond to Gaussian distri-
butions after this smear. The detector reconstruction of transverse momentum using the
electromagnetic calorimeter pf* underestimates the true transverse momentum of the
electron, as it loses part of its energy along subsequent interactions with the detector ma-
terial. The strong dependence of the energy resolution 7 clarify this fact. Especially, the
energy resolution notably worse with increasing |7|, as the detector material the particle
traverses becomes denser.

In conclusion, electrons with a wrong charge identification are normally found in
regions of the inner detector with high pseudorapidity (|n| > 1.52) and importantly

’Improvements after using the dynamical, topological cell clustering-based approach for the energy re-
construction are compared with respect to the slicing-window approach for different kinematic distributions.
The results are presented in Appendix B.1.
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Figure 6.6: On top, the energy resolution for correctly (solid) and wrongly reconstructed electrons (dashed)
is shown in simulated Z — ee decays using the full Run 2 sample (139 b 1. Only statistical uncertainties
are shown. Below, the dependence of the energy resolution for correctly (a) and wrongly (b) reconstructed
electrons with || is studied in differential, two-dimensional distributions with the 36 fb~' sample. The
slicing-window approach is used for the energy reconstruction for the results in the 36 fb~' sample in the
release 20.7 of the ATLAS software.

for the most-forward regions where the trajectory is poorly bent by the magnetic field
(2.3 < |n| < 2.5). The misidentification tends to occur at slightly greater transverse mo-
mentum when compared to satisfactory charge reconstruction. When at least one mis-
reconstructed electron charge takes place in the computation of the invariant mass of
leading and subleading lepton in Z — ee events, the Z boson mass is underestimated
due to energy leakage after the electron interacts with the detector material. The best-
matching track for electrons with a misidentified charge shows a poor extrapolation in
the vicinity of the primary vertex, as can be seen from its dy significance. This shows
that charge misidentification is related to inefficiencies in the reconstruction of the elec-
tron candidate track. In Section 6.3.3, the sources for this component are identified and
studied independently.
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| Charge identification | Electron category | Portion in sample [%] |
Correct charge Prompt' 99.0 99.6
~ conversion 0.6
Charge misID « conversion || 0.2
Wrong charge Charge misID prompt 0.11 0.3

Table 6.2: Contributions to charge misidentificatio nfrom different electron categories characterized at
truth level in Z — ee decays using the 36 fb™ ' dataset.

6.3.3 Kinematic properties of charge-misidentified electrons for different sources

In the previous section, the main differences between charge-misidentified and correctly
reconstructed electrons were outlined, along with a description of their sources. Such
a sources are characterized at truth level and their kinematic and track properties are
studied separately®.

The electron categories to be considered are selected as described in Section 6.3.1. Ta-
ble 6.2 summarizes the identified electron types. Prompt electrons with correctly identi-
fied charges are found in 99.0% of the cases. The electric charge for this electron category
is misidentified in 0.1% of the studied electrons. 0.8% of the electrons are found to be
reconstructed after bremsstrahlung, where the generated electron charge is misidentified
25% of the cases (constituting 0.2% of the electrons in the sample). FSR electrons com-
pose 0.04% of the total electron sample. The main source of charge misidentification is
found to arise from bremsstrahlung (64.5% of charge misidentified electrons), followed
by misidentified prompt charges (35.5%).

Figure 6.7 shows the correlation between different electron categories per event ob-
served for the first and second lepton with the highest pr of the event (denoted by leading
lepton ¢y and subleading lepton ¢;, respectively). For 97.8% of the events in the studied
sample, two prompt electrons from the Z decay are correctly reconstructed. In 1.3%
of the events, two correctly identified electron charges are involved, one of them from a
prompt electron and the other arising from a photon conversion. Events involving charge
misidentification come in the third place. 0.4% of the Z decays are reconstructed with
same-sign electron charges in the final state, when one of the electrons is produced after
photon conversions and the other being a correctly reconstructed prompt electron. Lastly,
0.2% of the events include two prompt electrons, with one of their charges being wrongly
reconstructed. Events including FSR electrons correspond to 0.08% of the cases. The two
electron charges from the Z decay can also provide opposite-sign leptons in the final state
when both charges are misidentified. This situation is found in 0.0015% of the cases. The
electric charge tends to be correctly reconstructed for the leading and subleading leptons
of the event identically when photon conversions are involved. Correlations between
FSR and prompt electrons show the same balance. However, the charge misidentified
prompt electron turns out to be the leading lepton in approximately 60% of the events.
On the studied Z — ee decays, same-sign electrons in the final state are observed in 0.6%
of the events.

3Results presented in this section use an older ATLAS software release were the dynamic, topological
clustering presented in Section 3.3.2. Comparisons between the two software releases are presented in Ap-
pendix B.1. Although the energy reconstruction is found to improve, the conclusions on this Section are not
affected by this new algorithm.
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Figure 6.7: Correlation between electron types for leading (horizontal axis) and subleading electrons (ver-
tical axis) involved per event in truth studies of charge misidentification in Z — ee decays using the 36 fb~*
dataset. These results are produced using the release 20.7 of the ATLAS software.

The kinematic properties of the different electron categories can be seen in Figure 6.8
for the different electron types, where the distributions for transverse momentum and
pseudorapidity are shown. Correctly identified prompt electrons (blue) follow identical
distributions as in Figure 6.5 for correctly reconstructed electrons, as they constitute 99%
of the studied electrons. A prominent tendency to be produced with transverse momen-
tum around 45 GeV is also observed for correctly reconstructed electrons arising from
photon conversion, with a smear to regions of greater pr. Electrons arising from photon
conversions with correctly identified charges are found within the region 1.52 < |n| < 2.2,
following the material distribution of the inner detector. This tendency is further shifted
to higher values of 7 for charge-misidentified electrons produced after photon conver-
sions. Nevertheless, these tend to produce greater values of pr in the EMCAL when com-
pared to correctly reconstructed electrons arising from bremsstrahlung even though they
are also reconstructed after experiencing the same phenomenon. A more prominent ten-
dency to higher values of pr is found for wrongly reconstructed prompt electrons. These
are mostly found within very forward regions of the inner detector (2.3 < || < 2.5),
where tracks for electrons with high-pr are barely bent and no TRT hits can be found.

The effects of interactions between the electrons and the detector material can be also
observed when reconstructing the invariant mass of leading and subleading lepton in
Figure 6.9. As previously observed in Figure 6.5, an excellent reconstruction of the Z
mass can be achieved when two prompt electrons are reconstructed in Z — ee decays.
This reconstruction is slightly worsened when the charge from one of the prompt elec-
trons is wrongly identified. Even though the prompt electron was completely identified,
the observed tendency for these to be produced at || > 2.3 involves that they interacted
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Figure 6.8: Transverse momentum pr reconstructed by the electromagnetic calorimeter (left) and pseudo-
rapidity |n| (right) distributions for the different electron types identified at truth level for studies of charge
misidentification sources in simulated Z — ee decays using the 36 fb~" dataset. These results are produced
using the release 20.7 of the ATLAS software.

with an imporant amount of inner detector material, lessening the energy measurement.
However, the smear of my, to lower energies observed in Figure 6.5 is reproduced well
when at least one reconstructed electron arising from photon conversions is involved,
either their charge is correctly (pink curve) or wrongly identified (red distribution). Ad-
ditionally, charge misidentification from electrons arising after photon conversions con-
stitutes, as presented in Table 6.2, about 75% of wrongly reconstructed charges, while
the proportion of these electron type with correct charge reconstruction compared to cor-
rectly reconstructed prompt electrons is negligible. The smearing of the m,, distribution
is therefore dominated by electrons induced by bremsstrahlung and, consequently, by
energy leakage after interactions with the inner detector material.

The information on the best-matched track for the electron candidates is also accessed.
In Figure 6.10 the dj significance, the number of assigned tracks to the electron candidate,
the ratio £/p, the transverse momentum provided by the track pi**, the distribution
of charged inverse momentum () /p inferred from the track, the total number of hits in
the TRT component of the inner detector, the total number of hits of the track and the
x?/d.o.f of the track fit are shown. Prompt electrons (with either correctly and wrongly
reconstructed charges) provide tracks whose extrapolation crosses the interaction ver-
tex within uncertainties, as seen from their distributions of dj significance. In contrast,
electrons involving charge misID (either prompt or after photon conversions) present a
mismatch when extrapolating the track to the primary vertex. The tendency of this ratio
for charge-misidentified prompt electrons is shifted to lower values with a more irregular
shape. But just one track is assigned to correctly reconstructed prompt electrons in ap-
proximately 75% of the cases. Additional tracks are likely to be assigned when the charge
of prompt electrons is misidentified, reducing the proportion of electrons with only one
track to about 35%. At the same time, electron candidates arising from photon conver-
sions are prone to have three tracks assigned in approximately 30% of the cases. Around
85% of the charge-misID electrons present more than one track, while 60% have three or
more. This is caused by multiple tracks assigments related to the prompt and subsequent
photon conversions (see the sketch in Figure 6.2). As shown in Table 6.2, about 65% of
the cases the track with opposite sign results as the best-matching track for the electron
candidate. Prompt electrons with correctly identified charge show a similar distribution
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Figure 6.9: Influence from different electron types identified in truth studies for charge misidentification
on the invariant mass 7, of both electrons in Z boson decays using the 36 fb ™" sample. At least one electron
from photon conversions or charge-misidentified prompt electron is considered for the my, distribution for
these electron categories. For correctly reconstructed prompt electrons, two electrons of this category are
required for the reconstruction of mg,. The slicing-window approach is used for the energy reconstruction
for the results in the 36 fb ' sample in the release 20.7 of the ATLAS software.

for pi*** compared to the transverse momentum reconstructed in the EMCAL (presented
in Figure 6.8). This is expected since both measurements agree as previously seen in Fig-
ure 6.5 for the ratio £//p. The prominent maximum around 45 GeV is lost for electrons
when photon conversions come into play, whose tracks are prone to provide lower values
of transverse momentum. Indeed, the radius of curvature is steadily reduced along the
path through the inner detector material due to the reduction of the prompt lepton en-
ergy. Prompt electrons with wrongly reconstructed charges provide, in comparison to the
measurement from the EMCAL, a completely overestimated value pj**. The ratio E/p
shows more clearly this disagreement between energy measurements from the calorime-
try and tracking systems. The agreement is fantastic for prompt electrons with correctly
identified charges, visible by a sharp peak at E/p = 1. Albeit, this agreement is lost
when their charge is wrongly reconstructed, tending to provide ratios E/p around zero.
This tendency was already observed in Figure 6.5, and it can be now understood better
when comparing the distributions of p7** and pr for the different electron types. Uncor-
related measurements of the electron energy from the track and EMCAL are observed.
For charge-misID electrons induced by photon conversions, a tendency to low values of
E/p is found, with correctly charge-identified electrons after photon conversions show-
ing a slight tendency to greater values. Mismeasurements of the track momentum can
be better understood through the distributions of )/p™, inversely proportional to the
measured radius of curvature. Correctly charge-identified prompt electrons show pre-
ferred @/p™* values around 0.025 GeV7!, in agreement with the kinematic constraints
of Z — ee decays. Since p™* is overestimated for other electron types, their distributions
are shifted towards values around zero. For electrons arising from photon conversions,
the already observed underestimated radius of curvature (from the pj** distributions
when compared to pr) is in agreement with the lower values of |Q/p™%*|. The number of
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Figure 6.10: Tracking properties for the different identified electron types in truth studies of charge
misidentification sources in simulated Z — ee decays for 36 fb~'. The dy significance and the number
of assigned tracks to the electron candidate (denoted by nTracksPerParticle) are presented on the upper row.
Below, the ratio between the electron energy reconstructed in the electromagnetic calorimeter over the track
momentum F/p and the transverse momentum provided by the track (p7°°) are shown. The third row in-
cludes the distribution of charged inverse momentum |Q/p™%|, inferred from the track and the total number
of TRT hits. The total number of track hits (calculated as the sum of hits in the IBL, the pixel detector, the
SCT and the TRT layers hits) and the x*/d.o.f of the track fit (where the number of degrees of freedom is then
computed as the total number of track hits) are presented at the bottom row. Only statistical uncertainties
are shown. These results are produced using the release 20.7 of the ATLAS software.
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Figure 6.11: Energy resolution (p§° — pI™)/pI™™ and relative difference between the reconstructed

transverse momentum measured in the electromagnetic calorimeter pRe© and the transverse momentum

measured with the reconstructed track in the inner detector pr** (computed as (pp*™* — p5e°) /p5e) for

different electron types at truth level using Z — ee decays in 36 fb~'. Only statistical uncertainties are
shown. These results are produced using the release 20.7 of the ATLAS software.

TRT hits is considerably reduced for the case of charge misidentified prompt electrons,
showing no hits in this detector in 70% of the cases due to their tendency to be produced
at very high [n|. Only 10% of prompt electrons with correctly reconstructed charge do
not produce hits in the TRT layers of the ID, as they are mostly observed in the central
regions of the detector. This feature is also observed in the total amount of hits, computed
as the sum of pixel (that includes the IBL), SCT and TRT hits. In the pixel and SCT layers,
4 and 8 hists are normally found for all the studied electron categories. Both TRT and the
total amount of hits are not notably altered for correctly reconstructed prompt electrons
(with 19 hits in most of the best-matched tracks, 7 of them from the TRT) and recon-
structed electrons arising from photon conversions. The x?/d.o.f. of the track, providing
information on the quality of the fit that builds the track, is considerably worsened for
charge-misidentified prompt electrons. The mentioned reduction of the degrees of free-
dom influences this lessen. In comparison to correctly reconstructed prompt electrons,
photon conversion electrons show a slightly worse track fit.

The energy resolution, computed as the relative difference between the transverse mo-
mentum reconstructed in the EMCAL (p°) and p*", provides important information
on the energy reconstruction performance of the detector. In Figure 6.11, the energy res-
olution and relative difference between pf* and transverse momentum inferred from
the reconstructed track in the inner detector pJ** are presented. Correctly reconstructed
prompt electrons show an excellent energy resolution in both precision and accuracy.

The correlation between pf and p** is worsened in comparison, with a clear tendency

for the measurement pi*™* to underestimate the particle transverse momentum. These
electrons compose the tail £/p > 1 in Figure 6.8. Electrons arising from photon conver-
sions provide a worse energy resolution, with the center of the distribution being shifted
to negative values of (p° — pi*™)/pi™ and with its width being increased, i.e. both
accuracy and precision are worsened, respectively. For these electrons, pi is on aver-
age lower than p7*™ due to energy leakage after interactions with the detector material.
In most of the electrons arising from photon conversions, p7** is underestimated when
compared to the reconstructed pis°. The agreement between pi*™ and p per electron

candidate is lost for these electron types, as notable from the flattened distribution. For
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charge misidentified prompt electrons, the energy resolution improves with respect to
photon conversion electrons, but its precision is worsened when compared to correctly
reconstructed prompt electrons. The distribution (pj** — pfs) /pi is flat, showing com-
plete uncorrelated values of both measurements of transverse momentum taken from
calorimetry and tracking systems.

In conclusion, charge misidentification takes place in the ATLAS detector for a re-
duced amount of the reconstructed electron candidates (0.3%), arising from two main
sources. Around 64.5% of the electrons with wrongly reconstructed charge arise after
bremsstrahlung radiation when these interact with the detector material. Since the mate-
rial budget to be traversed by the electron increases in more forward regions of the inner
detector, the electron candidates induced by photon conversions are found to be pro-
duced within this region. Energy leakage after these interactions also worsen the energy
resolution for the measurement of the particle energy in the electromagnetic calorimeter
with increasing ||, smearing the reconstruction of the invariant mass to lower values of
energy. For electrons produced after photon conversions two or three tracks are assigned
on average, with the best-matching track providing a poor reconstruction of the particle
momentum and inconsistent extrapolation to the primary vertex. Bremsstrahlung radia-
tion does not always involves charge misidentification. 75% of these electron candidates
arising from bremsstrahlung were found to provide the same charge as the generated
electron. Electrons induced by Final State Radiation (FSR) radiation provide a similar
signature as electrons arising from photon conversions. This phenomenon is found in
approximately 0.04% of the studied events. Since this process is considered at generator
level, no detector effects influence the reconstruction of the track. Therefore, FSR-induced
electrons are not considered as a source of charge misidentification. The second source
of charge misidentification is found to arise from straight-like tracks when the tracking
algorithm has difficulties to properly measure the track curvature of the prompt elec-
tron trajectory. One or two tracks are assigned to these particles approximately 40% and
28% of the cases. The extrapolation of the best-track candidate (that is used to retrieve
the electron kinematics) is far from the primary vertex and shows a poorer x?/d.o.f. for
the fit. The measurement of the electron energy from this track is underestimated and it
is uncorrelated to the energy reconstructed in the electromagnetic calorimeter. Prompt
electrons with wrongly reconstructed charges are found within the very forward region
of the inner detector (2.3 < |n| < 2.5) where the track is poorly bent by the magnetic field.
Contrarily to the charge misidentification after photon conversions (where the wrongly
reconstructed electron is found in leading and subleading leptons with similar probabil-
ity), this source is found in the leading lepton in approximately 60% of the events where
this source of charge misID is found. The properties of charge misidentified electrons
observed in this chapter are considered for the estimation of the charge misidentification
background presented in Chapter 7. The estimated background yield is used for the mea-
surement of same-sign W boson pairs with two jets in the final state using the full Run 2
dataset recorded with the ATLAS experiment.



Chapter 7

Electron charge misidentification
background estimation for the ssWW
analysis

Electron charge misidentification becomes an important background when measuring
decays of same-sign W boson pairs into electrons especially when physical processes
producing opposite-sign electron pairs in the final state (whose production ratio is or-
ders of magnitude larger than the physical process of interest) pass the selection criteria
after one of their charges is misidentified due to detector inefficiencies. The sources for
charge misidentification were studied in Chapter 6. The main purpose of this thesis is
to estimate the influence of this phenomenon for the measurement of same-sign W bo-
son pair production with the ATLAS experiment as a background contribution, using
the full Run 2 dataset (139 fb™ ') recorded in pp collisions at the center-of-mass energy of
v/s =13 TeV. The methodology is presented in Section 7.1 with new modifications. Re-
sults of the validation of the method and the estimated background yield in the signal
region are presented in Section 7.2. The background is reduced by applying the ECIDS
tool, introduced in Section 3.3.2. Its implementation and resulting background yields are
described in Section 7.3.

7.1 Methodology

To estimate the charge misidentification background yields, a data-driven method is
used. For this purpose, opposite-sign data events are weighted for the estimation of event
yields with same-sign leptons in the final state. The weights take into account the charge
misidentification probabilities as a function of pr and |n|, which are determined sepa-
rately. Their computation is presented in Section 7.1.1. The weights are then computed
as the probability for a same-sign dilepton event to arise from opposite-sign leptons due
to charge misidentification, according to the kinematics of leading and subleading lep-
tons, as presented in Section 7.1.2. As the mismeasurement of the electron energies for
wrongly identified electrons is not involved in the considered opposite-sign data events,
further energy corrections need to be carried out to mimic the energy leakage. The ap-

53
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plied energy corrections are described in Section 7.1.3.

7.1.1 Measurement of charge misidentification probabilities

To compute the charge misidentification probabilities using truth information, the Z —
ete™ MC samples after detector simulation are used. The reconstructed Z boson de-
cays with same-sign electrons in the final state will involve charge misidentification, a
signature that can be exploited for the computation of the charge misidentification prob-
abilities in data and MC through a side-band substraction at the Z mass resonance [65].
Since effects of detector interactions on charge misidentification are not described pre-
cisely enough in the detector simulation, deviations from the charge misID probability
distributions between data (gq4,1,) and MC (epc) are observed. To correct for such a de-
viations, scale factors (SF) are applied. The SF are calculated for wrongly and correctly
reconstructed electrons as

€data 1- €data
SFcorrect =

: . (7.1)
EMC 1 —emc

Serong =
The distributions of SFcorrect and SFwrong are calculated and delivered to the ATLAS col-
laboration by the Egamma Combined Performance (CP) group for different electron identi-
fication and isolation working points along with statistical and systematic uncertainties.
Details on the computation of the used SF and their sources of uncertainties can be found
in Refs. [63, 68]. The provided distributions for TightLH identification and Gradient
isolation working points, statistical and systematic uncertainties are shown in Figure 7.1.
Scale factors are mostly close to unity for correctly reconstructed electrons along the en-
tire described region in pr and ||, since charge misidentification probabilities are small
(of the order of 0.3% according to results in Chapter 6). Low statistical and systematic un-
certainties (up to about 0.1% for bins with largest systematic uncertainties) come along
with distributions of SFcorrect- The crack region in the electromagnetic calorimeter is not
taken into account, with the SF of 1.0 & 1.0 (stat) & 1.0 (sys) within 1.37 < |n| < 1.52.
The distributions of SFyrong show more interesting values. Especially in the most pop-
ulated region of transverse momentum (about 20 < pr < 60 GeV for Z boson decays,
as observed in Section 6.3.2), scale factors for wrongly reconstructed electrons show val-
ues lower than one. This means that, since the charge misidentification rates computed
in such a cases are overestimated in MC as provided by Eq (7.1), a data-driven method
applying epc to data would also overestimate the outcoming background yields. Differ-
ent tendencies are found for pr > 95 GeV, where scale factors take values greater than
one. This region is particularly affected by the larger statistical and systematic uncer-
tainties, reaching the order of 20%. According to the kinematics and correct or wrong
identification of the charges of leading and subleading leptons (by considering the truth
information), values of SF,y and SF;; are retrieved. These are then applied to MC samples
by event weights wsg = SFyy x SF;.

To calculate the charge misidentification probabilities, electrons are selected simi-
larly as in Section 6.2. Madgraph Z — ee MC samples passing single-lepton trigger and
matching are used. Electron identification and isolation are required to pass TightLH
and Gradient criteria, respectively. Excluding the crack region of the electromagnetic
calorimeter (1.37 < |n| < 1.52), the almost complete acceptance of the inner detector,
In] < 2.5, is considered. The electron energy is required to be reconstructed using the
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Figure 7.1: Scale factors for correctly (left) and wrongly (right) reconstructed electrons using TightLH
identification and Gradient isolation. The full set of SF (upper row), values within 20 < pr < 115 GeV
(second row) statistical uncertainties (third row) and systematic uncertainties (bottom row) are also shown
for the full range in |n| and 20 < pr < 115 GeV. [68].



56 CHAPTER 7. ELECTRON CHARGE MISID BACKGROUND ESTIMATION

£ F  Simulation £ L Simulation
o Foz-ele: femme: fLaswen’ o Fozoee fmumme fLazuon’
w 10 2| 400<p <450(Gev) w [ 450<p <600(Gev]
F e w0t [Cran
—mc E |—me
- [ mcl6e C mcl6e
10" |—rmn2 F o |—rmun2
10 E 107
10° = ﬁ:
C 10"‘E
w0t L Ll L L - . L Ll L L -
0 0.5 1 15 2 o, 25 0 0.5 1 15 o, 25
N1 I
£ - Simulation £ | Simulation
& 10TE zlete s Fanre fraswont o Z.e'e; Fewtev; [Laswon’
@ C zoemez21 @ 21<p<23
r 107
r mcl6a E mcl6a
 |—mcied & F  |—mcied
r mclée _:_. I mclée
— run2 >  |—run2
%
&
T
107
o e b L b e P Lo e L o e e b L Lo L L
20 30 40 50 60 70 80 90 20 30 40 50 60 70 80 ;90
pT‘ [GeV] pT' [GeV]

Figure 7.2: Comparison of charge misidentification probabilities for mc16a (blue), mc16d (red) and mcl6e
(green) MC campaigns along with distributions for the full run-2 set (black) in the most populated bins in
pr (top) and |n| (bottom). The distributions were computed by exploiting the truth information in Z — ee
Madgraph MC samples. Reconstructed electrons originated from FSR were removed for the computation
and the scale factors shown in Figure 7.1 were applied. Only statistical uncertainties are shown.

signature in the electromagnetic calorimeter. The invariant mass of the two electrons
must satisfy ms > 20 GeV to remove contributions from soft-QCD processes. Only elec-
trons with transverse momentum py > 20 GeV are considered since the scale factors are
only supported within this range. To avoid the influence in charge misidentification from
FSR-induced electrons and other background processes, their contributions are removed
at truth level. Electron candidates fulfilling this selection criteria are used to calculate the
charge misidentification probabilities differentially in |n|* and pr as

NmisID, ij

(7.2)
Nalij

EmislD,ij =

i.e. the rate between the number of electrons with wrongly identified charge Nmisp (char-
acterized at truth level within a certain bin j of the pr — |n| distribution) over the total
number of electrons IV, (wrongly plus correctly reconstructed charges, within the same
bin ij).

! As presented in Figure 6.5, the 1 distribution for charge-misidentified electrons is symmetric along this
variable, with these electrons found within forward regions of the inner detector (high |7|). Therefore, us-
ing the dependence on || reduces statistical uncertainties for the computation of charge misidentification
probabilities.
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Figure 7.3: Charge misidentification probabilities with statistical uncertainties computed with electron
candidates for bins within 20 < pr < 77.5 GeV (left) and 77.5 GeV < pr < 240 GeV (right). The scale factors
shown in Figure 7.1 are applied. Electrons for TightLH identification and Gradient isolation are chosen.

The charge misidentification probabilities are computed separately for different MC
campaigns and the full Run 2 dataset. One-dimensional slices of the two-dimensional
distribution are shown in 7.2 for the regions with largest electron population. The full set
of distributions can be found in Section C.5. The charge misidentification probabilities
agree within statistical uncertainties across MC campaigns. Therefore, only distributions
for full Run 2 are considered for the background estimation to reduce statistical fluctua-
tions. The obtained two-dimensional distribution is presented in Figure 7.3. The charge
misidentification probabilities increase with increasing reconstructed electron pr and ||
The binning chosen for the charge misidentification probabilities is based on the binning
of the scale factors. The binning in pr is divided in 13 bins as {20.0, 25.0, 30.0, 35.0, 40.0,
45.0,60.0,77.5,95.0,115.0, 145.0, 185.0, 240.0, 999.0} while 15 bins {0.0, 0.5, 0.75, 1.05, 1.25,
1.37,1.52,1.62,1.7,1.8,1.9,2.0,2.1,2.3,2.4, 2.5} are set for the binning in |n|. Probabilities
take values from 0.003% up to approximately 15%. Along the || axis, these probabilities
can increase by two orders of magnitude within a certain region of p7. When a || region
is chosen, the increase along pr is found to be weaker. These dependences are in agree-
ment with the distributions presented in Section 6.3 for the kinematics of correctly and
wrongly charge-identified electrons. Integrating the distributions Np;sip,;; and Ny 45, the
integrated charge misidentification probability along p7 and 7 is 0.3%, in agreement with
the results in Table 6.2.

The charge misidentification probabilities play a crucial role for the background es-
timation, since they include the knowledge on the detector material influencing such a
phenomenon in terms of the electron kinematics. They come into play through event
weights to be applied on a dataset containing two charged leptons of opposite sign in the
final state. In this way, the phenomenon of charge misidentification producing same-sign
leptons in the final state is accounted for the estimation of the background yield.
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7.1.2 Weights for the charge misidentification background estimation

For the data-driven background estimation, events with opposite-sign leptons in the final
state (OS events) are used to compute the background yields for same-sign leptons in the
final state (SS events) involving wrong charge reconstruction. Since charge-misidentified
electrons constitute a small portion in the dataset (approximately 0.3% according to inte-
grated distributions in Figure 7.3), the choice of weighting OS events reduces remarkably
the corresponding statistical uncertainties for the background yield. In this way, given the
two-dimensional distribution of charge misidentification probabilities epmisip, the weights
to apply on events with opposite-sign leptons can be computed as

1-— 1 -
v eeo(1 —ep1) + (1 —e) ' (7.3)
(1 —ep0)(1 — £01) + 021

The numerator indicates the probability for a SS event to arise from an OS event. Con-
sidering kinematic variables of leading (¢y) and subleading (¢;) electrons, the numerator
er0(1 —e01) + en (1 — 40) contains the probability for leading (subleading) lepton to flip
the charge while the charge of the subleading (leading) lepton is correctly reconstructed
in the first (second) term. In the denominator, the probability for an OS event to remain
as opposite-sign is expressed by the probability of reconstructing both charges satisfac-
torily ((1 — €40)(1 — €¢1)) plus the probability of misidentifying both at the same time
(eroen). Since misidentification of muon electric charges has been proven to be small in
the ATLAS experiment [94], it is neglected in this work by considering the muon charge
misidentification probabilities to be emisip , =0 .

Events characterized by two opposite-sign leptons are composed mainly by two prompt
electrons whose energy is reconstructed in the electromagnetic calorimeter with very
high efficiency (see Section 3.3.2). Therefore, when these events are weighted to retrieve
background yields for SS events, energy leakage due to material interactions has not
been experienced by these electrons. To faithfully represent the worsened kinematic re-
construction of electrons after charge misidentification, energy corrections need to be
applied to take this leakage into account. The corrections to be applied are described in
the following.

7.1.3 Electron energy correction

As seen in Section 6.3.3, the energy resolution worsens notably for charge misidentified
electrons. The reconstructed energy in such a cases is considerably lower than the truth
energy of the electron. The missing reconstructed energy is lost due to bremsstrahlung ra-
diation after interactions with the detector material when inefficiencies for the energy re-
construction algorithm cannot account these subsequent photon conversions when build-
ing the electromagnetic cluster. The energy correction is then closely related to || and pr
since the charge misidentification rates strongly depends on them by influence of the
detector material. To account for this effect after the event weighting introduced in the
previous section, the reconstructed electron pr is corrected by the following expression

old

pggrrected _ by~ +dE, (7.4)
(67
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Figure 7.4: Energy correction factors « and c for charge misidentification background estimation com-
puted using Madgraph Z — ee MC. Only electrons with pr > 27 GeV are considered for the computation
of these factors.

where « is the residual energy scale correction factor, dE is a smearing term and p3* is the
energy measurement in the electromagnetic calorimeter for the electron. The energy cor-

rection factor « is computed by considering the averaged energy resolution in different
bins i along |n| of correctly (R,:") and wrongly (Rpy"®) reconstructed electrons as

1 + Rright‘
Pr.i
1+ R
The smearing term dF is obtained as a random value from a Gaussian probability distri-
old
bution centered at zero of the width - /¢, with ¢ being determined differentially for the

|n|-bin 7 as

2 ) A2 )
P wrong,? o right,? (7 6)
(2 WTON: i . .
L+ RTE? (1+ RE)?

where Ajgpe and Awrong denote the standard error? of the mean energy resolution for
correctly and wrongly reconstructed electrons, respectively.

Madgraph Z — ee MC samples are used for the calculation of the energy correction
factors a and c. The results are presented in Figure 7.4. According to the SR selection,
only the electrons satisfying pr > 27 GeV are taken into account for the computation of
the factors o and c. The energy scale correction factor o decreases for greater values of
In|, which is expected due to the better energy resolution observed in correctly recon-
structed electrons especially at low || (see Figure 6.6). The parameter c shows the same
tendency and takes positive values smaller than 0.0008. This means that the averaged
energy correction tend to be similarly worsened within similar uncertainties at high |n|,
while wrong reconstructed electrons are worse reconstructed at low |5| when compared
to electrons with correctly reconstructed charges.

The energy correction is applied onto the transverse momentum of one randomly
selected electron in the event through Eq (7.4). This selection takes into account the lepton
charge misidentification probability of the lepton candidates reconstructed in the event.

%i.e. the standard deviation divided by the total number of entries.
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Figure 7.5: Normalized distributions for the reconstructed invariant mass of the Z boson by using data and
MC with OS event (solid lines) and SS event (dashed lines) selections. The ratio with respect to OS data is also
shown at the bottom. In orange, the charge misidentification background yield obtained by weighting OS
data events with Eq 7.3 and applying the energy correction 7.4 on the transverse momentum of the electrons
is presented. From the ratio plot, the shift of the m,, distribution is observed to reproduce consistently the
SS event selection by correcting individual electrons, achieving also reduced statistical uncertainties. Source

[91].

The sum of charge misidentification probabilities 6 = ¢y + €1 + ... + en is computed
throughout the ordered list in decreasing pr for the N leptons in the event. A random
number r is retrieved within 0 and §. The electron ¢ to be corrected is the one whose
probability ¢; exceeds the value r along the cumulative sum 4. Since the ordering of the
electrons is conserved along the cumulative sum, it is more likely for the leading lepton
to be corrected if £y > €1 and vice versa.

The effect on the reconstructed invariant mass of the leading and subleading leptons
after correcting the electron pr can be observed in Figure 7.5. The reconstructed my, with
OS events in both MC and data is consistent with the Z mass. However, when two lep-
tons of the same charge are selected, the distribution is shifted to lower energies. This
effect was already observed during the studies on the charge misidentification sources
at truth level in Section 6.3.2. The ratio with respect to OS data is also shown at the bot-
tom. In orange, the charge misidentification background yield obtained by weighting
OS data events is presented and it reproduces consistently the effects due to energy leak-
age observed in Figure 6.5 for wrongly reconstructed electrons. This is observed in the
ratio plot when compared to the SS event selection. Additionally, the weighting of the
OS event selection reduces statistical uncertainties notably, as described in this section.
In Section 7.2, the method is validated by means of a closure test and computations of
the data-driven estimation in a dedicated Control Region (CR) at the Z boson resonance,
along with background yields in the Signal Region.
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7.2 Results

The methodology introduced in Section 7.1 is applied to estimate the background con-
tribution due to charge misidentification to the measurement of electroweak same-sign
W boson pair production with the ATLAS experiment. First of all, the methodology is
validated in Section 7.2.1 by means of a closure test and a data-driven estimation in a
Z window CR. Then, the obtained contributions of this background source in the SR
are presented in Section 7.2.3. Sources of systematic uncertainties affecting the charge
misidentification background yields in the SR are studied in Section 7.2.2.

7.2.1 Validations

The method described in Section 7.1 is validated in three steps. Firstly, a closure test
is carried out by using Madgraph Z — ee MC samples (as for the computation of the
charge misidentification probabilities and energy correction parameters) in a Z window
CR. For this CR, the overall acceptance of the inner detector (|| < 2.5) is considered,
excluding the crack region in the EMCAL, 1.37 < |n| < 1.52. The electron energy is
required to be reconstructed using the signature in the electromagnetic calorimeter. Ad-
ditionally, electrons with low transverse momentum pr < 27 GeV are discarded and
the invariant mass of the two electrons is required to be my > 20 GeV to remove con-
tributions from soft-QCD processes. To avoid the influence in charge misidentification
from FSR-induced electrons and other background processes, a selection at truth level is
applied on MC samples. A third lepton veto is also applied, i.e. only events with two lep-
tons are considered. For the ee channel, the invariant mass of the two electrons passing
the third lepton veto is required to be within 15 GeV of difference with respect to the Z
boson mass (|mz — mee| < 15 GeV). Results in the Z window CR are shown in Figure
7.6 when comparing the SS event selection (black dots) to the estimation using the OS
event selection (shown in blue) on which the method exposed in Section 7.1 is applied.
Consistent agreement is found within 30% between SS and OS selections. An energy
overcorrection is found on the pr distribution of the leading lepton, which is not present
for the subleading lepton. The ratio p% /py is found to agree between OS and SS event
selections, presenting small underestimation from the OS selection for low ratios, when
the the transverse momentum of the subleading lepton is lower than half of p%?. Ad-
ditionally, the energy correction drives this ratio to values greater than one, propelling
the leading lepton to have lower energy than the subleading lepton. Along with the
mentioned underestimation for low ratios, a tendency to overestimate charge misidenti-
fication contributions for ratios close to one might indicate that the energy of the leading
lepton is corrected more often than the subleading lepton, according to the expectations
from the SS event selection. The arising my, distribution obtained from the OS event se-
lection shows deviations up to 40% for m.. < mz with respect to the expectation from SS
events, where underestimation in the OS selection is observed. This might be related to
the differences between distributions of corrected pr of leading and subleading leptons.
The 7 dependencies of charge misidentified electrons in pseudorapidity (that reproduce
the results presented in Section 6.3) for leading and subleading lepton agree satisfactorily
within 20%.

Further dilepton variables reconstructed with leading and subleading lepton are shown
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Figure 7.6: Kinematic variables for the closure test of the methodology presented in Section 7.1. Madgraph
Z — ee MC samples are selected for full Run 2 in the Z window CR to have opposite-sign electrons in the
final state (Zjets OS, shown in blue) on which the method is applied. The resulting yields are then compared
to a event selection requiring same-sign leptons in the final state (Zjets SS, shown as black dots). On top,
the invariant mass of constructed with leading and subleading lepton (left), the reconstructed transverse
momentum of the leading lepton measured after energy correction p7’c,,, (center) and the pseudorapidity
distribution of the leading lepton nm (right) are shown. On the bottom, the ratio pi / p& of corrected trans-
verse momentum of subleading over leading lepton (left), the reconstructed transverse momentum of the
subleading lepton measured after energy correction p%COH (center) and the pseudorapidity distribution for
the subleading lepton 7! (right). The ratio SS/OS is computed for the ration plot.
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Figure 7.7: Dilepton variables for closure test of methodology presented in Section 7.1. Madgraph Z — ee
MC samples are selected for full Run 2 in the Z window control region to have opposite-sign electrons
in the final state (Zjets OS, shown in blue) on which the method is applied. The resulting yields are then
compared to a event selection requiring same-sign leptons in the final state (Zjets SS, shown as black dots).
The difference of pseudorapidity A7, (left) and the transverse component of three momentum p4 for the
summed Lorentz vector of leading and subleading lepton (right) are presented. The ratio SS/OS is computed
for the ration plot.

[ ee ] mcl6a [raw] [ mcl6d [raw] [ mcl6e [raw] [ run2 [raw] ]

ZjetsSS 67000 =+ 1000 [24576] 76890 + 1080 [30903] 104400 + 1600 [32815] 248100 = 2200 [ 88294]

ZjetsOS | 65960 £ 130 [2.50-10°] | 76090 & 140 [2.93-10°] | 101240 = 210 [3.08-10°] | 243300 = 300 [8.52-10°]
% 12+15 1.0+21 3.0£+15 19+09

Table 7.1: Integrated number of events for OS and SS event selections in the Z window CR along different
MC campaigns mclé6a (corresponding to 2015-2016 dataset), mc16d (corresponding to 2017 dataset), mcl6e
(2018 dataset), and full Run 2 (2015-2018 dataset) for the closure test using Z — ee Madgraph MC samples.
The raw number of events is included in squared brackets. The deviation between both selections is shown
in percentage on the third row, whose uncertainty is propagated from the statistical uncertainties of the
yields.

in Figure 7.7. The transverse component of three momentum p¥ for the summed Lorentz
vector of leading and subleading leptons and the difference of pseudorapidity Any, show
agreement between OS and SS events within 20%. The method tends to overestimate the
background yield for dilepton decays with Ang, > 2 up to 40%, i.e. when the two elec-
trons in the Z boson decay are back-to-back along the beam axis. Besides, the method is
observed to be consistent outside the Z window, as observed in Figure 7.8.

From the closure test using Z — ee MC samples, the method is shown to be reliable
along the overall range of pr and 17 when matching the weighted and energy-corrected
OS events to SS events for the full Run 2 MC set. The integral values for both selections
along different MC campaigns and full Run 2 set are presented in Table 7.1. For full
Run 2, 243300 + 300 events were observed after applying the method on the OS event
selection, while 248100 + 2200 are found for the SS selection. The integral values match
between selections within statistical uncertainties in mcl6a and mc16d. Underestimation
of 3.0 £ 1.5% is found in mcl6e, that drives the closure test for the OS event selection in
Z — ee to underestimate the SS selection by 1.9 £ 0.9 %
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Figure 7.8: Invariant mass of constructed with leading and subleading lepton for the closure test of the
methodology presented in Section 7.1. Madgraph Z — ee MC samples are selected for full Run 2 in the Z
window CR to have opposite-sign electrons in the final state (Zjets OS, shown in blue) on which the method
is applied. Results are compared to the SS event selection (Zjets SS, shown as black dots). In this plot, the
criterion |mz — mee| < 15 GeV is removed. The ratio SS/OS is computed for the ration plot.

Secondly, tt MC samples were used in ee, e, and pe channels for the full Run-2 set in
the Z window control region, with the criterion [mz —me.| < 15 GeV dropped. The same
charge misidentification probabilities and energy correction factors computed in Z — ee
are used. Distributions for SS event selection and weighted and energy-corrected OS se-
lection also agree within 20%. Compared to the Z — ee closure test presented in Figure
7.6, similar tendencies on the kinematic distributions of leading and subleading leptons
are observed. However, the methodology shows an overall underestimation of 7.2 +0.4%
from the OS event selection, probably due to a different behavior of the FSR-induced elec-
trons among MC generators. The integral values for different MC campaigns are shown
in Appendix C. Interesting differences are found when comparing the kinematic distri-
butions of ¢ events decaying into ey and pe channels. The most relevant distributions
are presented in Figure 7.9, corresponding to the pr of the leading lepton ¢, (top) and
subleading lepton ¢; (center-top), the ratio png / pgi’ between them (center-bottom) and the
distribution of the invariant mass of the two leptons my, (bottom). Since charge misiden-
tification probabilities are zero for muons, the energy corrections should only be applied
on the electron (found in £y and /; in the eie and pie channels, respectively). Event weights
given by Eq. (7.3) only consider the kinematics of the electron in the final state. The ey
channel shows a better estimation than the e decays, where the muon is tagged as the
the leading lepton. This can be seen from the transverse momentum of the muon in
both channels, where no corrections are applied. The ratio SS/OS events for the pgﬁ / p?
distribution shows also a flat tendency in the ey channel, while this ratio increases with
greater pfﬁ / pg‘? for the pe channel. Similar dependencies are found for my, being flatter
for epr decays. Asymmetries on the electron selection to apply the energy correction strat-
egy might cause these differences. The methodology applied on the OS event selection
underestimates the expected total number of events from the SS selection in the CR by
7.19 £ 0.4% and 7.6 £ 0.6% in the ep and e channels, respectively.



7.2. RESULTS 65

> LT T T e T > S T T T T T T
3 # tharSS %% SM (stat) ] 8 107 & tharSS % SM (stat) E
o 3 [ ttbar 0S o E [ ttbar 0S E
2 10°F (s=13Tev, [Ldt=139 0" E 2 [ Vs=13Tev, [ Ldt=139 fb" ]
£ Ftfi.en bl £ [t pe 1
5 ™ ] 5 .
i1} r 1 o 10°F E
1025 = E ]
r 1 10F E
10 = E 1
14291‘mwumHmmm\m\m\m\m: el b ]
z 1.2m‘H.“HL“H“H‘m‘m‘u;‘iuuu = 1.2*”‘”\“”‘m“H‘kuwm‘m‘u‘
;) '1 . . . ._.o.-- ¢ Py ;) '1 .'..-......c.‘!""
0.8 n .8
G 0 N P P I P P T T R B 3 0 ol b Lo b b b b Lo L
£ 20 40 60 80 100 120 140 160 180 200 220 2 20 40 60 80 100 120 140 160 180 200 220
10 10
pT‘Curr [Ge\/] pT,CUH [Gev]
D (0 o o L B e e e > R e e e R e
8 E & tharSS % SM (stat) E 8 [ 4 tharSS % SM (stat) ]
o L [ ttbar 08 ] o L [ tbar 08 i
Z [ (s=13TeV,[Ldt=1391b* 1 2 E Vs=13TeV, [Ldt=139fb* E|
2 10°F ti-e 2 it ]
£ E - en £ [ e ]
[ E [
> r > r 1
w r w
L E 10°E 3
2L 4 Fe- 1
102k 4 3 1
r 1 10F
108 3 f
14:”‘mwuwm\m\m\m\m J | P O N N Y PUY FEREERTN T
z 1.2m‘H‘“H“H‘Hwm‘m‘umu“u = 1.2ku-‘uum‘;H‘H;“H”w"‘f‘“;u
N LI ISP S SR I SR = o o et tTt, 0 ¢
> 3 410 ¥ @ 1—y 1
O 0.8 n .8|
G 0 \H‘H\‘H\‘\H‘\H‘\H‘H\‘H\‘?\\‘\H 3 0 ol b b b b b b Lo L
£ ‘20 40 60 80 100 120 140 160 180 200 220 =] 20 40 60 80 100 120 140 160 180 200 220
\ 11
pT‘Corr [Ge\/] pT,CDH [Gev]
o 0T o AN B e
8_ r & tharSS %% SM (stat) 1 8 £ 4 (barSS %% SM (stat) 1
S 120 [ ttbar 0S | g 80 E [ ttbar OS E
@ [ Vs=13Tev, [Ldt=139 " ] @ E Vs=13Tev, [ Ldt=139 fb* E
1 E ] € o El
o 100~ b ] Eott - pe E
w [ 1 w £ El
80 g 50F 3
60F ] a0 :
E 1 30F E
40f . r ]
r 1 20 3
S 197 s 18 =
o  1.2r n 12r
5 3 7
Y ZX: =
g og g o ‘
11 10 I 0
pT‘CDU T.Corr pT.CDH pT‘CDU
S QBT T T T T T T > Er T T T T T T T T T T T
g E & tharSS 2 SM (stat) E 3 £ & tharSS 2 SM (stat) 1
~ C [ ttbar OS ] ~ N [ ttbar 0S ]
= [ Vs=13TeV, [Ldt=139fb" 1 > b Vs=13TeV, [Ldt=139fb" J
< [ tt-epn 1 < L]t pe i
5102; E g 1 3
[ 101
10 E £
L ¢
14 Loy Y 1411
5 12 5 12 Sutid vk 24 T S $ 4
~ 1 ¥ ’ ~ 11— SR : ok
) 4 » ! ]
@ 08 A © og- 7 + +
R ST P D P P DA A S ST B N W BN W B WU i
2 0 50 100 150 200 250 300 350 400 £ 0 50 100 150 200 250 300 350 400

m, [GeV] m, [GeV]

Figure 7.9: Kinematic distributions for SS and weighted and energy-corrected OS event selections in
Powheg tt MC samples decaying into the ey channel (left) and pe channel (right) for full Run 2 in the Z
window CR. The pr of the leading lepton (top), pr of the subleading lepton (center), ratio p /p5? of energy-
corrected transverse momentum of subleading over leading leptons (top-right) and invariant mass of the
two leptons my, (bottom-right) are presented. The ratio SS/0S is computed for the ration plot.
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[ cechannel [ 20152016 | 2017 | 2018 || Run2 |
Data 51009 66286 | 86416 203711
ssWW EWK 7 8 11 26
ssWW QCD 3 3 5 11
top 7 8 10 25
WZ 101 121 154 376
Y4 10 12 16 38
Vv 949 1208 543 2700
FSR 2155 3280 4233 9668
Charge flip 49534 58321 | 76135 183991
Total SM 52766 62961 | 81107 196835
[ (bkg-data)/data [%] 3.4 [ 50 [ 61 [[ -34 |

Table 7.2: Number of events obtained in the Z window CR from the data-driven estimation in the ee
channel for different datasets recorded by the ATLAS experiment in years 2015-2016, 2017 and 2018, along
with the full Run 2 dataset. The category “top” includes contributions from single-top production, t¢ and
ttX. ”WZ” includes QCD and EWK production along with WqqZ¢¢, and W~ and Z~ compose the category
”V~”. The FSR contribution is estimated using Z — ee MC with a truth selection.

Lastly, the data-driven estimation is carried out in the Z window CR after the vali-
dation with the closure test. The methodology introduced in Section 7.1 is again verified
using data events selected with opposite-sign electrons in the final state. The results are
shown in Figure 7.10 along with the rest of prompt background contributions. Since the
fake background was not fully implemented at the time this thesis was written, their
contribution was not considered. Non-prompt background contributions are expected
to be negligible in this CR for the ee channel. However, they become important in ey
and e channels. The validation through the data-driven estimation is therefore studied
in ee decays, where the charge misidentification is dominant. Since FSR radiation cases
were removed for the computation of charge misidentification probabilities by applying
a truth requirement, their contribution is added using Madgraph Z — ee MC using truth
information. Aside the contributions from charge misidentification and FSR radiation,
the contributions from prompt backgrounds sum up to 1-2%, varying among campaigns.
The yields from different contributions are provided in Table 7.2. Without accounting for
non-prompt contributions, the total expected background from Standard Model sources
(denoted by “Total SM”) differs from the observed data events within 6% along data tak-
ing periods. The category “top” includes contributions from single-top production, ¢t and
ttX after passing the truth selection. This avoids possible double counting of events in
the total background estimation due to charge misidentification. However, the ¢t com-
ponent is then populated by FSR-induced electrons, that might be in conflict with the
FSR component. The influence of ¢t is considered to be negligible in any case. "WZ”
includes QCD and EWK production along with WqqZ/¢¢ after passing truth selection,
and W+ and Z~ compose the category “V~”. The truth selection is disabled for this cat-
egory. Kinematic properties in the Z window CR are presented in Figure 7.10. The
background is correctly estimated in the CR within deviations of 25% with respect to
data. The kinematic distributions improve with the separate treatment of FSR-induced
electrons, as can be seen from the distributions shown in Section C.2. Dependencies for
leading and subleading lepton are correctly estimated. Energy overcorrection is again
found on the leading lepton py. The invariant mass of leading and subleading leptons
mye shows good agreement between data and background estimation, being underesti-
mated for m.. < mz up to 30%. The pseudorapidity of leading and subleading lepton
are well reproduced with respect to data within deviations of 20%. As also observed
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Figure 7.10: Expected yields from Standard Model sources along with data observation in the Z window
CR in the ee channel for the full Run 2 dataset. A data-driven estimation is carried out for contributions due
to charge misidentification. The category “top” includes contributions from single-top production, ¢ and
ttX. "WZ” includes QCD and EWK production along with W¢qZ¢¢, and W+ and Z~ compose the category
”V~”. The FSR contribution is estimated using Z — ee MC by a truth requirement. The ratio Data/Total-SM
is computed for the ration plot.
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Figure 7.11: Dilepton variables for the data-driven background estimation due to charge misidentification
using the methodology presented in Section 7.1. Data events with opposite-sign leptons in th final state are
selected in the Z window control region (Zjets OS, shown in yellow) which the method is applied onto. The
resulting yields are then compared to data events selected by requiring same-sign leptons in the final state
(shown as black dots). The difference of pseudorapidity Ane (left), the transverse component of three mo-
mentum p% for the summed Lorentz vector of leading and subleading lepton (center) and angular aperture
between the two leptons ARy, (right) are presented. The ratio Data/Total-SM is computed for the ration
plot.

in the closure test using Z — ee, the data-driven method tends to overpopulate central
regions of the detector, providing an underestimation for |n| > 2. Additionally, the es-
timation of the ratio pZT1 / pé@ is consistent with the data. Dilepton distributions are also
reproduced within the same uncertainties, as seen in Figure 7.11 for the |Any| and pf
and they improve when compared to the results from the closure test using MC Z — ee.
The data is also well reproduced by the background estimation when the Z window cri-
terion (|mz — my| > 15 GeV for the ee channel) is disabled, as can be seen in Figure 7.12
for the reconstructed invariant mass of leading and subleading leptons, my,.

The data-driven estimation of the charge misidentification background contribution
is found to be valid in the ee channel for the Z window CR, where this background con-
tribution is dominant (as it constitutes more than 90% of the total background yield). The
method is consistent to data along all the kinematic distributions within deviations of
25%, showing important improvements with respect to the previous analysis [91]. For
the full Run 2 dataset, 196835 events were observed for the sum of background yields,
where 183991 are produced by charge misidentification of one of the electrons. 203711
events are observed in data. Without the consideration of non-prompt background con-
tributions, the integral values agree within 3.5%. Once the methodology has been proven
to be reliable, the background yields in the SR can be computed. In Section 7.2.3, the
background yields in the SR for the charge misidentification background are presented.
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Figure 7.12: my, distribution from sum of Standard Model sources along with data observation for the Z
window CR in the ee channel for the full Run 2 dataset. The condition |mg — mz| < 15 GeV is removed to
explore large values of my,. A data-driven estimation is carried out for contributions due to charge misiden-
tification. The category “top” includes contributions from single-top production, t¢ and ¢ X. “WZ” includes
QCD and EWK production along with WqqZ¢¢, and W+~ and Z~ compose the category "V~”. The FSR con-
tribution is estimated using Z — ee MC by a truth requirement. The ratio Data/Total-SM is computed for
the ration plot.

7.2.2 Sources of systematic uncertainties

For the estimated background yields due to charge misidentification, the sources of sys-
tematic uncertainties can be divided in two main categories. On the one hand, different
approaches can be followed to compute the charge misidentification probabilities. The
deviations due to the chosen methodology are considered from the systematic variations
of the scale factors presented in Section 7.1.1. On the other hand, the smearing factor
dE applied on the corrected electron pr (introduced in Eq. (7.4)) might seem arbitrary.
Therefore, systematic variations are also applied on this parameter.

The systematic variations of the scale factors are provided by the Egamma Combined
Performance (CP) group [68] for different electron identification and isolation working
points. No scale factors including the 2018 dataset are available at the time this thesis
is written. Therefore, their distributions obtained from the 2015-2017 dataset are used
to compute the charge misidentification background for the full Run 2 dataset. For the
2015-2017 dataset, the computation of the SF and its systematic uncertainties are investi-
gated in more detail when compared to the previous analysis. These were presented in
Figure 7.1 for TightLH electron identification and Gradient electron isolation, along with
statistical and systematic uncertainties. The distributions used in the previous analysis
can be found in Section C.1. Different systematic variations are applied when computing
the charge misidentification probabilities in data and MC for the calculation of the scale
factors:
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e For both methods, a sideband substraction in Z — ee decays is carried out at the Z
resonance to obtain the electron charge misidentification probabilities from OS and
SS event selections. The width of the sideband is modified for systematic variations.

e For the computation of the charge misidentification probabilities in MC, differences
for the removal of FSR-induced electrons are also considered for systematics.

e Non-closure of MC charge misidentification probabilities when compared to rates
derived on electron selection at truth level is also taken into account.

e To reduce statistical fluctuations at high transverse momentum, a 1Dx1D param-
eterization is exploited for the calculation of the scale factors at pr > 95 GeV by
assuming that the dependencies along pr and 7 are decorrelated. Differences be-
tween the 1Dx1D and the 2D parameterizations are also included as systematic
variations.

Details on the treatment and the size of the different systematic sources, as well as the
computation of the total systematic variation can be found in Ref. [68]. Additionally,
variations on the energy correction smearing factor dE (introduced in Eq. (7.4)) are com-
puted by assuming a conservative uncertainty of 100%. Both categories of systematic
variations are considered separately, i.e., variations on the energy correction smearing
are computed using the nominal distributions of the scale factors, while systematic vari-
ations from scale factors are considered applying the energy correction presented in Eq.
(7.4). The total systematic uncertainty is given by the mean value of maximum upper
and lower deviations for symmetrization. The total uncertainty of the background yields
sums statistical and total systematic uncertainty in quadrature.

For the systematic variations due to SF uncertainties, charge misidentification proba-
bilities and energy correction parameters are computed for nominal, up and down vari-
ations. The distributions for the variations on the charge misidentification probabilities
are shown in Appendix C.6. Consequently, background yields for nominal, up and down
variations are calculated using the corresponding distributions of probabilities and en-
ergy correction factors. Since the down variations of the scale factors can provide neg-
ative values, negative charge misidentification probabilities are found when weighting
wrongly reconstructed electrons with negative scale factors as described in Section 7.1.
In such a cases, the obtained probability is considered to be zero. This effect is realized
at low pr and low pseudorapidity, where the systematic uncertainties for wrongly recon-
structed electrons are large (see Figure 7.1).

7.2.3 Charge misidentification background estimation in the signal region

In this section, the background yields due to charge misidentification are propagated to
the SR and its systematic variations are computed for the 2015-2016 and the full Run 2
datasets. The first allows for comparisons with respect to the previous analysis. The last
will be relevant for the current measurements on same-sign W boson pair production
using the 139 fb™! recorded dataset from 2015 until 2018.

The results for nominal background yields and their systematic and statistical un-
certainties are presented in Table 7.3. The systematic variations from the SF and energy
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l 36.1fb~ ! H ee [ epn [ e H 124 ]
Charge flip (Nom £ stat) || 2.904+0.15 | 6.64+0.5 | 25+0.2 || 120£0.6
SF up 0.97 1.46 0.39 2.82
SF down -0.95 -1.44 -0.37 -2.76
dE x 0 -0.01 0.0 -0.001 -0.01
dE x 2 0.03 0.0 0.0 0.03
total sys. variation 0.96 14 0.38 2.8
stat & sys 0.97 1.5 0.43 2.9
l 139 fb 1 “ ee e e “ 124
Charge flip (Nom =+ stat) 11.8+03 | 221+£09 | 94+£04 || 433+£1.1
SF up 3.93 4.7 1.74 10.3
SF down -3.88 -4.6 -1.66 -10.2
dE x 0 -0.06 0.003 -0.004 -0.07
dE X 2 0.02 0.003 -0.0002 0.02
Total sys. variation +39 +4.6 +1.7 +10.2
stat @ sys +3.9 +4.7 +1.8 +10.3

Table 7.3: Background yields in the electron channels (ee, ep and pie) for the charge misidentification back-
ground contribution in the SR for the 2015-2016 dataset (top) and full Run 2 (bottom). Statistical uncertainties
and systematic variations are shown.

correction smearing are presented separately. In Section 6.2, comparisons between cor-
rectly and wrongly reconstructed electrons regarding their electric charge were done.
Correctly reconstructed electrons were found to be produced in central regions of the in-
ner detector, while charge-misidentified electrons are mostly produced within |n| > 1.52,
where the probability of interaction with the detector material is larger. In the Signal
Region, the yields for the ee channel are constrained by |n..| < 1.37 and a Z window
veto (|mz — mee| > 15 GeV), which reduces the charge misidentification background in
this channel drastically. Additionally, the e;x channel present more events for this back-
ground contribution than the pe channel, since the charge misidentification is greater at
high pr, when the electron is tagged as the leading lepton. The pp channel is not pre-
sented since the charge misidentification phenomenon is neglected for muons. The back-
ground yields for mcl6a can be compared to the systematic variations from the previous
analysis (presented in Table 6.1). Systematic variations arising from the SF are found to
be the dominant source of uncertainty for the charge misidentification background yields
and they increase considerably with respect to the previous analysis. In the ee channel,
variations of 9% were found in the previous analysis, increasing up to 33% for the current
analysis. In the ex and pe channels the increase goes from 3.3% and 2.7% up to 21% and
15% respectively. When the ¢/ channel is considered, it grows from 4.8% of the nominal
value up to 23%. In this analysis, this source of uncertainty surpass the statistical uncer-
tainties and the variations from energy correction smearing in one and three orders of
magnitude respectively. The asymmetry between the energy correction deviations found
between ey and e channels in the previous analysis (Whose variation on the energy cor-
rection smearing is computed as d £ x 0) is not found for the current analysis, as well as its
dominance in the ex channel. The proportions are conserved when considering the full
139 fb~! dataset, since variations from scale factors are dominant. For this dataset, sta-
tistical uncertainties correspond to 7% and 9% of the total uncertainty of the background
yield for ee and ¢¢ channels.

An important amount of events arising in the SR due to charge misidentification are
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[ Signal region (Jnce] < 2.5) | ee [ ep [ pe 23 ]
Charge flip (Nom = stat) 883+£21 | 221£09 | 94+£04 || 1199+23

SF up 19.23 4.68 1.74 25.6

SF down -19.02 -4.62 -1.66 -25.3

dE x 0 0.011 0.003 -0.004 0.010

dE x 2 0.13 0.003 -0.0002 0.13

Total sys. variation +19 +5 +1.7 + 25

stat @ sys +19 +5 +18 +26

Table 7.4: Background yields in the electron channels (ee, ep and pe) for the charge misidentification
background contribution in the SR with relaxed cut |ne.| < 2.5 in the ee channel. Values for the full Run 2
dataset are presented with statistical uncertainties and different systematic variations.

removed by the requirements on pseudorapidity and the Z window veto. The measure-
ment in the ee channel is consequently constrained with an additional reduction of the
observed signal events. This treatment of the SR for the ee channel brings complications
when defining different detector acceptances among channels. In order to increase the
observed signal and avoid these complications, relaxing the constraints on pseudorapid-
ity up to |n| < 2.5is desired (as done for the channels involving muons). The relaxation of
the ne. cut in the SR is studied in Table 7.4, where the background yields and correspond-
ing uncertainties are provided. The background yields due to charge misidentification
grow by a factor of 7.5 after increasing the acceptance in pseudorapidity for the ee chan-
nel. The total uncertainty is 22% of the nominal value. A similar proportion is found
for the ¢ channel. Since no modifications were done for final states involving muons, the
background yields are identical for the e;r and pe channels. Since SF still dominate the to-
tal uncertainty, its reduced proportion is totally related to the increase of the background
yield.

The relaxation of the pseudorapidity criterion can be also studied through the signal
significance. Since the uncertainty of the background yields play a crucial role for this
analysis, the inclusion of systematic uncertainties for the evaluation of the statistical sig-
nificance is desired. For counting experiments following Poisson statistics, the following
expression is used for the computation of the statistical significance Z [95]

Z_2B(\/S+B—\/§)
B B+ (AB)? ’

(7.7)

where B is the background estimate with Gaussian uncertainty AB and S is the observed
signal. Since non-prompt background contributions were not included for this analysis,
the total background will be estimated as the difference between data and signal events.
The uncertainty of this background is assumed to arise due to charge misidentification
only.

Since the data events are only known for the 2015-2016 recorded dataset due to the
blinding strategy, the statistical significance can only be studied in this dataset using
36.1 fb~!. The values before and after the 7 relaxation are presented in Table 7.5. Af-
ter the increase in detector acceptance, 54% of the observed data events are expected to
arise from charge misidentification sources. Only 10% are expected to originate from
electroweak production of same-sign W boson pairs. As expected, values for ex and
pe remain unchanged. The significance Z is dramatically reduced by almost 1o for this
background estimation, despite the lower proportion of the background uncertainty. This
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[ mcl6a(nee <137) ee [ ep [ e | 17 ]
Data 15 44 41 144
Signal 57403 | 12.7+04 | 126 0.5 || 455+0.8
Charge flip (£ stat @ sys) || 29£09 | 6.6+1.6 25+05 12+3
[ Z 15 [ 19 [ 21 [ 38 |
[ mcléa (|nee| < 2.5) i ee [ eu [ e | 17 ]
Data 50 44 41 179
Signal 93+£04 | 127+04 | 126 +0.5 || 49.24+09
Charge flip (£ stat @ sys) 22+5 6.6+ 1.6 25+05 31+6
[ Z 08 [ 19 [ 21 [ 29 |

Table 7.5: Signal significances Z before (top) and after (bottom) relaxation of |5| cut in the Signal Region,
considering total uncertainties of the charge misidentification background estimation.

reduction might avoid the claim of a possible discovery or observation of the desired
measurement. The relaxation in pseudorapidity for this background estimation is, there-
fore, unfeasible in a precision measurement.

Nevertheless, the detector acceptance could be increased if an appropriate strategy
for the reduction of charge misidentified electrons is found. In Section 7.3, the Electron
Charge ID Selector is applied to discard events with charge misidentified electrons. The
method using this tool is validated as done for the presented background estimation
through a closure test using Z — ee decays (Section 7.3.1), studying with ¢¢ decay chan-
nels involving muons. After validating the data-driven background estimation in the
Z window CR, the feasibility of the cut relaxation is studied once again after the back-
ground reduction in Section 7.3.2.

7.3 Charge misidentification background estimation using Elec-
tron Charge ID Selector (ECIDS)

To reduce the background yields due to charge misidentification, the Electron Charge ID
Selector (also referred to as ECIDS) is used. This Boosted Decision Tree (BDT) is devel-
oped and trained by the Egamma CP group. Using TightLH electron isolation, the tool
provides a signal efficiency of 98% [65] for the removal of charge-misidentified electrons.

The methodology follows closely the procedure described in Section 7.1. The ECIDS
tool requirement is added after electron identification. Only events where the leading
and subleading leptons have correctly-identified charges, according to the output of the
ECIDS tool, are considered. This requirement is applied on electrons in every decay
channel. Charge misidentification probabilities and energy correction parameters need
to be recomputed for the new set of wrongly reconstructed electrons, after applying a
new set of SF for its dedicated electron charge identification.

A comparison between SF with and without the use of ECIDS are provided in Ap-
pendix C.4. Two main differences are observed on the coarser binning of the distribution
and the drastic increase of systematic uncertainties. In order to optimize statistical fluc-
tuations due to the reduced amount of wrongly charge-identified electrons, SF with four
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[ ee ] mcl6a [raw] [ mcl6d [raw] [ mclée [raw] [ run2 [raw] ]
ZjetsSS | 5700 & 300 [3965] 6300 & 300 [5112] 8100 + 400 [5599] 20100 =+ 600 [14676]
ZjetsOS | 5408 + 9 [2.44x10°] | 6190 + 10 [2.85x10°] | 8249 + 15[2.99x10°] | 19850 + 20 [8.28 x10°]

Y%

4+5

2+4

2+5

1+£3

Table 7.6: Integrated number of events for OS and SS event selections in the Z window CR along different
MC campaigns mclé6a (corresponding to 2015-2016 dataset), mc16d (corresponding to 2017 dataset), mcl6e
(2018 dataset), and full Run 2 (2015-2018 dataset) for the closure test using Z — ee Madgraph MC samples
using removal of charge-misidentified electrons with the ECIDS selection tool. The raw number of events
is included in squared brackets. The deviation between both selections is shown in percentage on the third
row, whose uncertainty is propagated from the statistical uncertainties of the yields.

bins in pr {20.0, 60.0, 90.0, 130.0, 999.9} and seven bins in || {0.0, 0.75, 1.25, 1.37, 1.52,
1.7,2.3,2.5} are provided. However, systematic uncertainties increase to more than 100%
of the nominal value for some of these bins, especially at low || and transverse momen-
tum. This is mostly caused by an asymmetric removal of electrons in terms of 1 and
charge sign, that are accounted as a new source of systematic variations [68].

The charge misidentification probabilities are computed using the same binning as
the distributions when ECIDS tool was not implemented. The binning in p7 is divided
in 13 bins as {20.0, 25.0, 30.0, 35.0, 40.0, 45.0, 60.0, 77.5, 95.0, 115.0, 145.0, 185.0, 240.0,
999.0} while 15 bins {0.0, 0.5, 0.75, 1.05, 1.25, 1.37, 1.52, 1.62, 1.7, 1.8, 1.9, 2.0, 2.1, 2.3,
2.4, 2.5} are set for the binning in |7|. After applying the ECIDS selection, the probabil-
ity of charge misreconstruction observed at truth level in detector simulation is reduced
considerably. This reduction is especially relevant at low |n| and pr (coinciding with the
most populated region due to Z — ee kinematics), where reductions of a factor of 10
are achieved. This reduction is weaker for bins at higher pr. An integrated probability
for charge misidentification of 0.025% is achieved with the use of this BDT with the se-
lection applied for the computation of the charge misidentification rates. Studies of the
charge misidentification probabilities for different MC campaigns show no systematic
deviations, exploiting the full Run 2 dataset for the computation of these distributions.
The comparisons can be found in Appendix C.7. Since the binning of these distributions
was not optimized for the use of the ECIDS tool, large statistical uncertainties are ob-
served on the charge misidentification probabilities, especially at low || and pr where
the population of charge misidentified electrons is low.

The charge misidentification rates using the full Run 2 dataset are found to perform
well for the background estimation in the Z window CR. As done in Section 7.2.1, the
method is validated by means of a closure test using MC Z — ee decays. Tests on the
ep and pe channels are also carried out using ¢t leptonic decays. Additionally, the data-
driven method is validated in the same CR. The corresponding background yields in the
SR are given in Section 7.3.2.

7.3.1 Validations

Using Madgraph MC samples for Z — ee decays, a closure test of the methodology pre-
sented in Section 7.1 with the ECIDS tool selection is performed. The CR is selected as
described in Section 7.2.1. Kinematic distributions for leading (¢y) and subleading elec-
trons (¢1), the reconstructed invariant mass my; and the ratio pgl / pgﬁ’ of energy-corrected
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Figure 7.13: Kinematic variables for the closure test of the methodology presented in Section 7.1. Mad-
graph Z — ee MC samples are selected for full Run 2 in the Z window CR to have opposite-sign electrons in
the final state (Zjets OS, shown in blue) on which the method is applied. The resulting yields are then com-
pared to a event selection requiring same-sign leptons in the final state (Zjets SS, shown as black dots). On
top, the invariant mass of the leading and subleading lepton (left), the reconstructed transverse momentum
of the leading lepton measured after energy correction p7c, (center) and the pseudorapidity distribution
of the leading lepton 7% (right) are shown. On the bottom, the ratio pF /pY of corrected transverse mo-
mentum of subleading over leading lepton (left), the reconstructed transverse momentum of the subleading
lepton measured after energy correction pg{Cm (center) and the pseudorapidity distribution for the sublead-
ing lepton 1! (right). Only statistical uncertainties are shown. The ratio SS/OS is computed for the ration

plot.
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[ ee channel [ mcl6a | mcléd | mclbe | run2 |
Data 5389 6115 7952 19456
ssWW EWK 7 8 11 26
ssWW QCD 3 3 4 11
top 3 3 4 10
WZ 96 114 147 357
Y4 10 11 15 35
Vv 164 186 136 486
FSR 609 797 1008 2413
Charge Flip 4538 5297 6922 16757
Total SM 5429 6419 8247 20095
[ (bkg-data)/data[%] | 07 [ 45 [ 37 [ 33 |

Table 7.7: Events obtained in the Z window CR for data and Standard Model expectations in the ee channel
for different datasets recorded by the ATLAS experiment in years 2015-2016, 2017 and 2018, along with
the full Run 2 dataset. The contributions due to charge misidentification are computed by the data-driven
method presented in Section 7.1. The category “top” includes contributions from single-top production, ¢
and ¢tX after passing the selection at truth level. "WZ” includes QCD and EWK production along with
WqqZtl, and W~ and Z~ compose the category “V~”. The FSR contribution is estimated using Z — ee MC
by a truth requirement.

transverse momentum of subleading over leading lepton are presented in Figure 7.13.
The use of the ECIDS selection of correctly reconstructed electrons makes the SS event
selection to drop by a factor of 12 with respect to the closure test in Section 7.2.1 where
the ECIDS tool was not applied. Consistently, the reduction in the probability of charge
misidentification allows a correct estimation of the charge misidentification distributions
using OS event selections. ECIDS also removes events from the OS selection, as can be
seen from the raw amount of events when compared to 7.1. The kinematic distributions
are in agreement with the closure test with no ECIDS tool applied within 20% between
the two event selections. Integrated number of events agree along MC campaigns within
statistical uncertainties. Their values are presented in Table 7.6.

The methodology can be tested for the estimation of charge misidentification in the es
and pe channels by exploiting ¢t decays. The kinematic distributions from Powheg ¢t MC
samples decaying into leptonic ey and pe channels are compared in Figure 7.14. Once
again, asymmetries are found between ey, and e channels, especially for the transverse
momentum of the muon (leading lepton in the ;e channel and subleading lepton in the
ep channel). The ratio between SS and OS events selections seems to be dependent on
the muon pr, decreasing for greater values of this variable. This tendency is lost when
the muon is tagged as the subleading lepton. These results were not observed when the
ECIDS selection was disabled during the tests using t¢ MC, as presented in Figure 7.9.
The reduced statistics for events when the charge misidentified electron is tagged as the
subleading lepton does not allow to make strong conclusions on the differences observed
between the energy-corrected ratio pf%l / pgﬁ. The flat tendency of the ratio present without
the use of the ECIDS tool in the e/, channel is not present when the tool is applied. The
ey channel shows four times more events than the pe, since charge misidentification is
more likely to occur at high electron transverse momenta. The ECIDS tool removes a
factor of events of 7.8, 4.5 and 8.6 of the total yields between SS and OS event selections,
that differ by 16.9 & 2.5%, 5.4 + 0.9% and 15.2 4 1.5% for the full Run 2 dataset in the ee,
e and pe decay channels, respectively. The integral values for both selections along MC
campaigns are provided in Appendix C.9.
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Figure 7.14: Kinematic distributions for SS and weighted and energy-corrected OS event selections in
Powheg tt MC samples decaying into the ey channel (left) and pe channel (right) for full Run 2 in the Z
window CR. The pr of the leading lepton (top), pr of the subleading lepton (center), ratio p /p2 of energy-
corrected transverse momentum of subleading over leading leptons (top-right) and invariant mass of the
two leptons my, (bottom-right) are presented. The ratio SS/OS is computed for the ration plot.
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Figure 7.15: Expected yields from Standard Model sources along with data observation in the Z window
CR for electrons in the ee channel satisfying the ECIDS selection for the full Run 2 dataset. A data-driven
estimation is carried out for contributions due to charge misidentification. The category ”top” includes con-
tributions from single-top production, ¢t and ¢¢tX. "WZ” includes QCD and EWK production along with
WqqZtl, and W~ and Z~v compose the category “V~”. The FSR contribution is estimated using Z — ee MC
by a truth requirement. The ratio Data/Total-SM is computed for the ration plot.
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Lastly, the methodology is validated for the data-driven estimation using the Z win-
dow CR. The estimation is presented in Figure 7.15 for different kinematic distributions
on leading (¢p) and subleading leptons (¢), the reconstructed invariant mass and the ra-
tio of energy-corrected transverse momenta peT1 / p?. Compared to the results presented
in Section 7.2.1, slight improvements between data and Standard Model predictions are
found after the ECIDS selection is required, especially in the |n| and pr distributions for
leading and subleading leptons. Statistical uncertainties are notably larger and they arose
for the constrained contribution for FSR-induced electrons. Kinematic distributions for
data and SM expectations agree within 20% for |m¢ —mz| < 10 GeV. Nevertheless, devi-
ations up to 30% can be observed at the edges of the Z window. Table 7.7 contains the ob-
served data events and the Standard Model expectations for signal and background along
different periods of data taking and the full Run 2 dataset. For the full Run 2 dataset,
the background yields due to charge misidentification are 11 times lower after passing
the ECIDS selection. The rest of Standard Model contributions also pass this selection.
Events from top-quark sources (including ¢t X, single-top and ¢¢ events) are reduced by a
factor of 2, Vo by a factor of 5 and FSR events by a factor of 4. This reduction is expected
for signatures from these background sources that mimic the bremsstrahlung radiation
originating electron charge misidentification. Neither W Z nor same-sign WW (for both
QCD and EWK production) suffer considerable reductions after the ECIDS tool is ap-
plied. Non-prompt background contributions are again not considered. These are ex-
pected to be negligible in the ee channel within the Z window CR. The observed amount
of data events matches the Standard Model expectations within 5% along all data taking
periods without considering this background source. Dilepton distributions show no re-
markable differences after the ECIDS selection respect to distributions shown in Section
7.2.1.

The methodology presented in Section 7.1 for the data-driven estimation of back-
ground contributions due to electron charge misidentification is found to be valid after
the ECIDS selection is required. This tool removes these contributions by a factor of 11
in the Z window CR. No notable reductions of the signal are observed. In the ee channel
(where contributions due to charge misidentification constitute more than 80% of the to-
tal SM contributions), the kinematic distributions agree within 20% in most of the CR for
the full Run 2 dataset, with larger deviations up to 30% being observed at large values of
|mge —mz|. The confirmation of the method allows to propagate the background estima-
tion originated by charge misidentified electrons to the Signal Region. The results will be
exposed in Section 7.3.2.

7.3.2 Background estimation in the signal region using ECIDS

For the full Run 2 dataset, the data-driven estimation validated in Section 7.3.1 is prop-
agated to the SR after applying the ECIDS selection. The arising contributions are pre-
sented in Table 7.8 along with systematic variations. New charge misidentification prob-
abilities are calculated for the systematic variations of the SE. The full set of distributions
is shown in Appendix C.8. When compared to the results presented in Table 7.3 (where
the ECIDS selection is disabled), the overall background yields due to charge misidentifi-
cation in the all-inclusive channel (¢¢) is reduced by a factor of 4 in the full Run 2 dataset.
This reduction is weaker (factor of 3) in the ee channel. The total systematic uncertain-
ties increase from 23% up to 62% and from 33% up to 93% of the nominal value for the
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l 139 fb— T H ee [ e [ pe H o ]
Charge flip (Nom + stat) || 3.63+0.11 | 554+0.3 | 1.254+0.08 || 10.3+0.4
SF up +4.2 +2.8 +0.9 +7.8
SF down -2.5 -2.3 -0.7 -5.5
dE x 0 -0.009 0.0 -0.0002 -0.009
dE x 2 +0.013 +0.001 -0.0008 +0.012
total sys. variation +34 +25 +0.8 +6.7
stat @ sys +34 +2.6 +0.8 +6.7
l 139 b~ T (|nee| < 2.5) “ ee ep pe “ 17
Charge flip (Nom =+ stat) || 19.5+0.7 | 554+0.3 | 1.25+0.08 || 26.24+0.8
SF up +10.0 +2.8 +0.8 +13.6
SF down -7.9 -2.3 -0.7 -10.9
dE x 0 -0.024 0.0 -0.0002 -0.025
dE x 2 -0.010 +0.0006 -0.0008 -0.011
total sys. variation + 8.9 +£25 + 0.8 +12.2
stat @ sys +9.0 +£2.6 +0.8 +12.3

Table 7.8: Background yields due to charge misidentification and systematic uncertainties in the SR using
ECIDS in the full Run 2 dataset.

20 and ee channels, respectively. Systematic variations are more strongly dominated by
the SF uncertainty than in the analysis without ECIDS selection. Statistical uncertainties
constitute about 3% and 6% of the total yield uncertainty for the full Run 2 dataset in the
ee and /¢ channels, respectively. Systematic variations on the energy correction smear-
ing factor dE lie within statistical fluctuations and they do not influence the estimated
background yield in the Signal Region. Variations on dE are practically inexistent for ey
and pe channels, where only the energy of one lepton is varied. The event kinematics is
not strongly notably deviated for these cases and the same selection criteria are passed as
for the nominal background yield. The relaxed |7| cut in the SR is considered at the bot-
tom table. The estimated background yields arising from charge misidentification grow
by a factor of 2.4 in the ¢/ channel, being the yield 5.1 times larger in the ee channel.
As expected, ey and e remain unchanged after this relaxation. The increase in statis-
tics does not provide relevant systematic variations from energy smearing. Nevertheless,
this increase reduces the proportion on the deviations from SF uncertainties up to 45%
for both ee and ¢/ channels. After the relaxation of |7c.|, 74% of the yields due to charge
misidentification in the ¢/ channel are produced from decays into two electrons, the same
proportion found where the ECIDS tool was disabled.

The statistical significances can be computed for the 2015-2016 dataset, as given by
Eq. (7.7). The results using the ECIDS selection are presented in Table 7.9. Signal events,
as observed in the Z window CR, are not strongly affected by the ECIDS tool selec-
tion. A similar reduction of events is observed in data and the estimated yields due to
charge misidentification for ee and ¢¢ channels. The ECIDS selection of correctly charge-
identified electrons increases the statistical significance of the signal, for the ¢/ channel,
by 0.3¢ in the Signal Region. Only 0.10 is increased in the ee channel. This growth of Z
is twice larger for e;r and pe channels.

The suppression of the charge misidentification by ECIDS stops the growth of its
background yields after relaxing the |n| cut. While the number of events arising from
charge misidentification in the SR increased by a factor of 7.6 in the ee channel when the
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[ mcl6a (ne| <137) ee [ eu [ ue i 127 ]
Data 14 40 38 136
Signal 57+03 | 125+05 | 124+05 || 45.1+0.8
Charge flip (£ stat @ sys) || 09+08 | 1.74+08 | 032+£0.19 || 29+1.7
[ Z 16 [ 21 [ 22 [ 41 |
[ mcléa (|nee| < 2.5) i ee [ eu [ e i 17 ]
Data 36 40 38 158
Signal 90+04 | 125+05 | 124+05 || 485+09
Charge flip (&£ stat @ sys) 5+3 17+08 | 0.324+0.19 7+3
[ Z 13 [ 21 [ 22 [ 38 |

Table 7.9: Signal significances using 36 fb~" for relaxation of the |7 | cut for the ee channel in the SR after
applying the ECIDS selection..

ECIDS selection was not applied, a factor 5.5 more events are observed after the ECIDS se-
lection. The same signal events are observed with and without ECIDS. In the all-inclusive
channel, 4.4 more events were observed after the relaxation when ECIDS was not applied.
Indeed, the estimated contribution due to charge misidentification after the relaxation is
lower than the contribution of this background in the SR when the tool is disabled. This
fact is also observed by the similar values of Z. Since the yields in the ;e and ep chan-
nels are not modified, the differences can also be observed in the weaker reduction of
Z with respect to the no-ECIDS configuration. For the use of ECIDS, only a decrease of
0.30 is observed for the ¢/ channel, even the uncertainties of the charge misidentification
contribution were proportionally larger (up to 90%) from the systematic variations of the
ECIDS scale factors.

The reduction of charge misidentification background by ECIDS makes the relaxation
of the |n| cut affordable in terms of reduction of signal significance to pave the way for
a improved unfolding of the final measurement. Further relaxation of the signal region
could be explored. A lower transverse momentum threshold of pr > 20 GeV could be
assessed for a reduced contribution of background yields due to charge misidentification.
However, non-prompt contributions rise remarkably in this region [91]. Consequently,
the relaxation in pr is not considered in this work.

7.4 Outlook

The estimation of the background contributions due to charge misidentification pre-
sented in this work can be improved from different perspectives.

In Section 7.2.1, the test on the used methodology provided different results for Z —
ee and tt MC. The observed underestimation for t¢ when using the charge misidentifica-
tion probabilities computed in Z — ee might hint to possible biases in the methodology,
introducing a dependency on the used physical process. These discrepancies are intro-
duced from the consideration of the reconstructed pr for the computation of the charge
misidentification probabilities, according to studies carried out by the Egamma CP group
[96]. The energy responses coming into numerator and denominator of Eq.7.2 differ for
wrongly and correctly reconstructed electrons, introducing possible biases into the com-
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putation of these distributions. Instead, the truth transverse momentum can be exploited.
The probabilities calculated in Z — ee and t¢ agree after this consideration. Since the p**
is not defined in data (where the method is applied) a different approach is needed for the
energy correction. The energy responses are studied in MC for both correctly and recon-
structed electrons in different 1 bins. The value of p7*" is then inferred from Crystal-Ball
fits on these distributions from the value of the reconstructed pr. Furthermore, the cor-
rected pr to be applied on electrons from the OS event selection in the data-driven esti-
mation exploit these fits by applying a convolution from the energy response of correctly
reconstructed electrons to reproduce a energy response for wrongly identified electron
charges. tt tests are claimed to agree using Z — ee charge misidentification probabilities
after these considerations [96].

The reduced statistics after the ECIDS selection increases the statistical fluctuations
in the distributions of charge misidentification probabilities. These fluctuations are espe-
cially strong at low pr and |n|. Results can be found in Appendix C.7. To avoid these
fluctuations to be driven into the background estimation, the binning could be optimized
accordingly. In this thesis, the same binning as the distributions when no ECIDS selection
is applied were used for the full Run 2 dataset, showing a good reliability in the method
validation. Nevertheless, further improvements might be found after this optimization.

The scale factors used for the ECIDS selection involve large systematic uncertainties.
This increase with respect to the scale factors presented in Section 7.1.1 appears due to de-
pendencies on the charge-misidentified electron rejection with the charge sign along with
asymmetries in the 7 distribution [68]. These inefficiencies are stronger at high 7, where
larger yields due to charge misidentification are expected. Deviations between charge
mislD rates for electrons and positrons are accounted as a new source of systematic un-
certainty for the scale factors using the ECIDS selection, added on top of the sources
described in Section 7.2.2. Understanding these asymmetries could improve consider-
ably the statistical significance of the measurement. Increases of about 0.2 are expected
from the computation of Eq 7.7 considering an uncertainty of the nominal value of 30%
closer to the uncertainties when the ECIDS selection was disabled, especially in the ee
channel where the background is dominant.

Further strategies for the reduction of charge misidentification contributions can also
be explored by either applying additional cuts, the development of more sophisticated
algorithms or both at the same time. Selection optimization of variables such as the ratio
E/p seems promising according to the results presented in Chapter 6. Even though the
dynamical, topological cell clustering-based approach for the energy reconstruction was
not explored in this thesis, the geometry and signature of the different topocluster for a
same electron candidate could shed some light into new variables for rejection of charge
misidentified electrons. The resulting reduction in statistics seems to be affordable for
analyses using the full Run 2 dataset, as shown in this thesis for the computation of
charge misidentification probabilities after the ECIDS selection.



Chapter 8

Conclusions

The full Run 2 dataset, corresponding to an integrated luminosity of 139 fb' of pro-
ton—proton collisions recorded by the ATLAS experiment at a center-of-mass energy of
v/s = 13 TeV allows carrying out precision measurements of vector boson scattering, in
particular same-sign W boson pairs. Inefficiencies in the electron reconstruction algo-
rithms might cause events with opposite-sign leptons satisfy the selectio criteria after
experiencing charge misidentification. The effect is important for electrons, while it was
proved to be negligible for muons. In this thesis, the contribution of charge misidentifi-
cation background is estimated for the measurement of same-sign W boson pairs.

In order to understand the background contribution, the sources of charge misiden-
tification are studied using Z — ee MC events. The different electron categories are
identified exploiting the information at generation, detector simulation and reconstruc-
tion levels. Charge misidentification is found to be a rare process, arising in 0.3% of the
considered electron candidates. Two main sources of charge misID are found, coinciding
with previous studies carried out by the ATLAS Collaboration [92]. The dominant source
is induced by bremsstrahlung radiation with subsequent photon conversions, arising in
64.5% of the charge-misidentified electrons. This is caused by interactions with the ma-
terial budget of the inner tracker of the ATLAS detector. Therefore, electrons induced
by this source are found within || > 1.52, agreeing with the distribution of the inner
detector material. Due to the energy leakage produced by the subsequent radiation of
photons, the energy resolution for these electrons (p5:</p*™ — 1) is smeared to negative
values. Due to this energy loss, the reconstruction of the invariant mass of the two elec-
trons is also shifted to lower values when at least one electron induced by bremsstrahlung
comes into the computation. n this charge flip category, more than one track is assigned
to electron candidates in approximately 90% of cases, hinting that the best-matching track
for the electron candidate was wrongly selected. This selected track does not match the
primary vertex, as observed on the dj significance. The second source is found in 35.4%
of the charge-misidentified electrons and it is produced by straight-like tracks of high-pr
electrons, when the tracking system has difficulties to resolve the track curvature. The
orientation of the track bending can be then mismeasured, providing the wrong electric
charge for the electron candidate. One track is assigned to 40% of these electron candi-
dates, with its extrapolation also disagreeing with the position of the primary vertex. The
electron energy retrieved by this track is underestimated when compared to the measure-
ment in calorimetry. Since these electrons are mostly found in the most-forward region
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of the inner detector (2.3 < |5| < 2.5), no TRT hits are found in 56% of the cases, showing
a poorer fit quality. Additionally, particle tracks in this region of the inner detector are
bent to a smaller extent than in the central region since the electron travels parallel to
the orientation of the magnetic field. This source is preferentially found on the leading
lepton of the event in 60% of the cases where this source is found. FSR-induced elec-
trons (found in 0.04% of the studied electron candidates) are not considered as a source
of charge misidentification, since it is originated at generator level and no detector effects
are involved in its production.

For the data-driven estimation of the charge misidentification background, Z — ee
MC events are used to determine the probability of charge misidentification as a func-
tion of pr and |n|. For this computation, FSR-induced electrons are removed at truth
level. To correct for the discrepancies between these distributions obtained from data
and MC, scale factors are applied. Statistical uncertainties in different parameterizations
of these scale factors, especially at high p7, dominate the systematic uncertainties reach-
ing 15% of the nominal value. The charge misidentification probabilities are then used
to estimate the background contributions by weighting an opposite-sign event selection
to estimate the charge misID background yields in same-sign final states. In this way,
statistical uncertainties are notoriously reduced for the estimated background yields. To
consistently represent the worsened kinematic properties of charge-misidentified elec-
trons, energy corrections are applied to take the observed energy leakage into account.
An energy scale correction and smearing factors are applied taking into account the en-
ergy resolution of correctly and wrongly reconstructed electrons into account. The en-
ergy correction is applied on a randomly chosen electron in the event, with their charge
misidentification probabilities are accounted for the decision. The methodology is vali-
dated in a Z-peak control region with a closure test using Z — ee MC events, with the
differential distributions of opposite-sign and same-sign selections agreeing within 20%.
The integrated number of events are found to be consistent within 3%. A data-driven
estimation is also carried out in the ee channel for the Total-SM expected yields and data,
finding a similar agreement. The background is then propagated to the signal region,
obtaining 43.3 + 1.1 (stat) & 10.2 (sys) events in the /¢ channel. Systematic uncertainties
are dominated by the statistical fluctuations in the computation of the scale factors.

The background is then reduced by applying the Electron Charge ID Selector (ECIDS),
a tool developed by the Egamma combined performance group based on a boosted decision
tree discriminator between electrons with correctly (signal) and wrongly (background)
reconstructed charges. After the selection of electrons through this algorithm, the method-
ology is reproduced. A similar agreement within 20% is found in the closure test using
Z — ee MC. Considering the integrated number of events, the ECIDS selector reduces
the charge misID background contribution by a factor of 11 in the control region, which
causes an important increase of the statistical uncertainties. A similar agreement within
20% between data and total-SM expectations is found for the differential distributions in
the Z-peak control region using the data-driven method. The contributions in the signal
region due to charge-misidentification are reduced by a factor of 4 when using the ECIDS,
with a contribution of 10.3 £ 0.4 (stat) £ 6.7 (sys) events in the /¢ channel. A reduction of
1% is found for the signal events.

The reduction of the background contribution using ECIDS offers a possibility for
extension of the electron pseudorapidity range in the ee channel to the almost full accep-



85

tance of the inner tracking detector (|| < 2.47). This relaxation of the selection criteria
also allows having a unified selection with other decay channels and to increase the signal
yields. A signal significance is used to quantify the feasibility of this relaxation, consider-
ing also the uncertainties of the charge misidentification background estimation. In this
case, a background yield of 26.240.8 (stat)+12.2 (sys) events is obtained in the ¢/ channel,
with a factor of 1.6 of signal increase in the ee channel using the full Run 2 dataset.
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Appendix A

Technical details on the dataset and
event selection

A.1 List of triggers

[ Data period | Electron trigger
2015 HLT e24 1hmedium L1EM20VH, HLT _e60_lhmedium, HLT e€120_1hloose
2016 HLT_e26_lhtight nod0_ivarloose, HLT_e60_lhmedium nodO, HLT_e140_1lhloose_nod0
2017 HLT_e26_lhtight nod0_ivarloose, HLT_e60_lhmedium nodO, HLT_e140_1hloose_nod0
2018 HLT_e26_lhtight nod0_ivarloose, HLT_e60_lhmedium nodO, HLT_e140_1hloose_nod0
[ Data period | Muon trigger
2015 HLT mu20_iloose_L1MU15, HLT mu50
2016 HLT mu26_ivarmedium, HLT mu50
2017 HLT mu26_ivarmedium, HLT mu50
2018 HLT mu26_ivarmedium, HLT mu50

Table A.1: Single-lepton triggers applied for electrons and muons along different data-taking periods.

A.2 List of samples

For the ATLAS datasets, a convention is followed to identify the samples

datal7_13TeV .00339849 .physics_Main .deriv .DAOD_TOPQ4. .889.m1902_p3402
N — —— ) N —

Project name Run number Stream type Production step Data type Production tags

The naming of the MC samples follows the following convention

mc16_13TeV. 361510 .MadGraphPythia8EvtGen _ A14 NNPDF23L0 _Ztautau NpO
N — N—_—— N —— ,
Project name  Dataset identifier (MCID) Event generator(s) tune PDF set Physics process

.deriv.DAOD_  STDM3 .e3898_53126_r9364_r9315_p3975
———— ——

Data format Derivation flavor Production tags
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Data

data15-13TeV.*.physics_Main.deriv.DAOD_STDM3*p3896
datal6-13TeV.*.physics_Main.deriv.DAOD_STDM3*p3896
datal7-13TeV.*.physics_Main.deriv.DAOD_STDM3*p3896
datal8-13TeV.*.physics_Main.deriv.DAOD_STDM3*p3896

mcléa

mc16.13TeV.363147 MGPy8EG_N30NLO_Zee Ht0_70_CVetoBVeto.deriv.DAOD _STDM3.e4866_s3126_1r9364.r9315_p3975
mc16.13TeV.363148 MGPy8EG_N30NLO_Zee Ht0_70_CFilterBVeto.deriv.DAOD_STDM3.e4866_s3126_r9364.19315_p3975
mc16.13TeV.363149. MGPy8EG_N30NLO_Zee Ht0_70_BFilter.deriv.DAOD_STDM3.e4866_s3126_r9364_r9315_p3975

mc16.13TeV.363150. MGPY8EG_N30NLO_Zee Ht70.140_CVetoBVeto.deriv.DAOD_STDM3.e4866_s3126 19364 19315

mc16.13TeV.363151. MGPy8EG_N30NLO_Zee Ht70.140_CFilterBVeto.deriv.DAOD_STDM3.e4866 -s3126_r9364 r9315_p3975
mc16.13TeV.363152. MGPy8EG_N30NLO_Zee Ht70.140_BFilter.deriv.DAOD _STDM3.e4866_s3126_r9364_r9315_p3975

mc16-13TeV.363153.MGPy8EG N30NLO_Zee Ht140.280_CVetoBVeto.deriv.DAOD_STDM3.e4866-53126.1r9364.r9315_p3975
mc16-13TeV.363154.MGPy8EG N30NLO_Zee Ht140-280_CFilterBVeto.deriv.DAOD_STDM3.e4866-53126.r9364.19315_p3975
mc16-13TeV.363155.MGPy8EG_N30NLO_Zee Ht140-280_BFilter.deriv.DAOD_STDM3.e4866 53126 r9364.r9315_p3975
mc16-13TeV.363156. MGPy8EG -N30NLO_Zee Ht280-500-CVetoBVeto.deriv.DAOD_STDM3.e4866-53126.19364.r9315_p3975
mc16-13TeV.363157.MGPy8EG-N30NLO_Zee Ht280-500_CFilterBVeto.deriv.DAOD_STDM3.e4866-53126.r9364.19315_p3975
mc16-13TeV.363158. MGPy8EG-N30NLO_Zee Ht280-500_BFilter.deriv.DAOD_STDM3.e4866 53126 19364.r9315_p3975

mc16-13TeV.363159. MGPy8EG N30NLO-Zee Ht500-700-CVetoBVeto.deriv.DAOD_STDM3.e4866-s312619364.19315_p3975
mc16-13TeV.363160.MGPy8EG -N30NLO-Zee Ht500-700_CFilterBVeto.deriv.DAOD_STDM3.e4866-s3126.r9364.19315_p3975
mc16_13TeV.363161. MGPy8EG_N30NLO_Zee_Ht500.700_BFilter.deriv.DAOD_STDM3.e4866 s3126 19364 1r9315_p3975

mc16_13TeV.363162. MGPy8EG_N30NLO_Zee_Ht700-1000_CVetoBVeto.deriv.DAOD_STDM3.e4866_s3126_1r9364 1r9315_p3975
mc16.13TeV.363163. MGPy8EG_N30NLO_Zee_Ht700.1000_CFilterBVeto.deriv.DAOD_STDM3.e4866 s3126_1r9364 r9315_p3975
mc16.13TeV.363164. MGPYS8EG_N30NLO_Zee_Ht700.1000_BFilter.deriv.DAOD _STDM3.e4866_s3126 19364 r9315_p3975
mc16.13TeV.363165.MGPy8EG_N30NLO_Zee Ht1000-2000_CVetoBVeto.deriv.DAOD_STDM3.e4866 s3126_1r9364 r9315_p3975
mc16.13TeV.363166. MGPy8EG_N30NLO_Zee Ht1000-2000_CFilterBVeto.deriv.DAOD_STDM3.e4866 53126 _r9364.r9315_p3975
mc16.13TeV.363167 MGPy8EG_N30NLO_Zee Ht1000_2000_BFilter.deriv.DAOD_STDM3.e4866 -s3126._r9364 r9315_p3975
mc16.13TeV.363168 MGPy8EG_N30NLO_Zee Ht2000_E_CMS_CVetoBVeto.deriv.DAOD_STDM3.e4866_s3126_r9364_r9315_p3975
mc16.13TeV.363169. MGPy8EG_N30NLO_Zee Ht2000_E_.CMS_CFilterBVeto.deriv.DAOD_STDM3.e4866_s3126 19364 r9315_p3975
mc16-13TeV.363170.MGPy8EG N30NLO_Zee Ht2000-E_CMS_BFilter.deriv.DAOD_STDM3.e4866-s3126.r9364_r9315_p3975
mc16-13TeV.363356.Sherpa-221_ NNPDF30NNLO-ZqqZll.deriv.DAOD_STDM3.e5525.s3126 r9364.r9315_p3975
mc16-13TeV.364250.Sherpa-222_ NNPDF30NNLOIIl.deriv.DAOD_STDM3.e5894 53126 r9364.r9315_p3975
mc16-13TeV.364253.Sherpa-222_ NNPDF30NNLO.lllv.deriv.DAOD_STDM3.e5916.53126.19364.1r9315_p3975
mc16-13TeV.364254.Sherpa_222_ NNPDF30NNLO-llvv.deriv.DAOD_STDM3.e5916 s3126.r9364.r9315_p3975
mc16-13TeV.364283.Sherpa-222_ NNPDF30NNLO111ljj-EW6.deriv.DAOD-STDM3.e6055-e5984 .s3126.19364.19315_p3975
mc16-13TeV.364284.Sherpa-222_ NNPDF30NNLOIllvjj-EW6.deriv.DAOD_STDM3.e6055 598453126 19364.19315_p3975
mc16-13TeV.364286.Sherpa-222 NNPDF30NNLO_llvvijj.ss_LEW4.deriv.DAOD_STDM3.e6055.e5984.s3126.r9364.1r9315_p3975
mc16_13TeV.364287.Sherpa_222_ NNPDF30NNLO_llvvijj_ss_LEW6.deriv.DAOD_STDM3.e6055_e5984_s3126_1r9364_1r9315_p3975
mc16_13TeV.364500.Sherpa_222_ NNPDF30NNLO_eegamma_pty_7_15.deriv.DAOD_STDM3.e5928 5984 _s3126 19364 r9315_p3970
mc16_13TeV.364501.Sherpa_222 NNPDF30NNLO_eegamma_pty_15_35.deriv.DAOD_STDM3.e5928_e5984 s3126 19364 1r9315_p3970
mc16_13TeV.364502.Sherpa_222 NNPDF30NNLO_eegamma_pty_35_70.deriv.DAOD_STDM3.e5928_e5984 s3126 19364 1r9315_p3970
mc16.13TeV.364503.Sherpa 222 NNPDF30NNLO_eegamma_pty_70_140.deriv.DAOD_STDM3.e5928_e5984 _s3126_r9364_r9315_p3970
mc16.13TeV.364504.Sherpa 222 NNPDF30NNLO_eegamma_pty_140_E_CMS.deriv.DAOD_STDM3.e5928 _e5984 s3126_1r9364.r9315_p3970
mc16.13TeV.364505.Sherpa 222 NNPDF30NNLO.mumugamma.pty_7.15.deriv.DAOD_STDM3.e5928 5984 _s3126_r9364_r9315_p3970
mc16.13TeV.364506.Sherpa_222 NNPDF30NNLO.mumugamma._pty_15_35.deriv.DAOD_STDM3.e5988_e5984 53126 _r9364.r9315_p3970
mc16-13TeV.364507.Sherpa_222 NNPDF30NNLO_mumugamma_pty_35_70.deriv.DAOD_STDM3.e5928_e5984_s3126_r9364.r9315_p3970
mc16-13TeV.364508.Sherpa_222_ NNPDF30NNLO_mumugamma_pty_70-140.deriv.DAOD_STDM3.e5928 5984 s3126 19364 _19315_p3970
mc16-13TeV.364509.Sherpa-222_ NNPDF30NNLO-mumugamma_-pty-140.E_.CMS.deriv.DAOD_STDM3.e5928_e5984.53126_r9364.r9315_p3970
mc16-13TeV.364510.Sherpa-222 NNPDF30NNLO_ tautaugamma_pty.7-15.deriv.DAOD_STDM3.e5928 _s3126.19364.19315_p3970
mc16-13TeV.364511.Sherpa-222 NNPDF30NNLOtautaugamma_pty-15_35.deriv.DAOD_STDM3.e5928_s3126.19364.r9315_p3970
mc16-13TeV.364512.Sherpa-222_ NNPDF30NNLO_tautaugamma_pty-35_70.deriv.DAOD.STDM3.e5928_s3126.19364.r9315_p3970
mc16-13TeV.364513.Sherpa-222_ NNPDF30NNLOtautaugamma_pty-70-140.deriv.DAOD_STDM3.e5982 s3126 19364.r9315_p3970
mc16-13TeV.364514.Sherpa-222 NNPDF30NNLO_tautaugamma_pty-140_.E_.CMS.deriv.DAOD.STDM3.e5928_s3126.19364.r9315_p3970
mc16-13TeV.364521.Sherpa-222 NNPDF30NNLO-enugamma.-pty.7-15.deriv.DAOD_STDM3.e5928 5312619364 1r9315_p3975
mc16-13TeV.364522.Sherpa-222 NNPDF30NNLO_-enugamma.pty-15.35.deriv.DAOD_STDM3.e5928 s3126.19364.19315_p3975
mc16_13TeV.364523.Sherpa_222 NNPDF30NNLO_enugamma_pty_35_70.deriv.DAOD_STDM3.e5928 s3126 19364 19315_p3975
mc16_13TeV.364524.Sherpa_222 NNPDF30NNLO_enugamma_pty_70.140.deriv.DAOD_STDM3.e5928_s3126_r9364_r9315_p3975
mc16.13TeV.364525.Sherpa 222 NNPDF30NNLO_enugamma_pty140_E_CMS.deriv.DAOD_STDM3.e5928 s3126_r9364 19315_p3975
mc16.13TeV.364526.Sherpa_222 NNPDF30NNLO.munugamma_pty.7_15.deriv.DAOD_STDM3.e5928_s3126 r9364.1r9315_p3975
mc16.13TeV.364527 Sherpa 222 NNPDF30NNLO.munugamma_pty.15_35.deriv.DAOD_STDM3.e5928 _s3126_1r9364 r9315_p3975
mc16.13TeV.364528 Sherpa_222 NNPDF30NNLO.munugamma_pty35_70.deriv.DAOD_STDM3.e5928 _s3126_r9364 r9315_p3975
mc16.13TeV.364529.Sherpa 222 NNPDF30NNLO_munugamma_pty.70.140.deriv.DAOD_STDM3.e5928 s3126_r9364 r9315_p3975
mc16.13TeV.364530.Sherpa 222 NNPDF30NNLO.munugamma_pty.140_E_CMS.deriv.DAOD_STDM3.e5928 53126 r9364.r9315_p3975
mc16.13TeV.364531.Sherpa_222 NNPDF30NNLO_taunugamma_pty.7.15.deriv.DAOD_STDM3.e5928 _s3126_1r9364 r9315_p3975
mc16_13TeV.364532.Sherpa_222_ NNPDF30NNLO_taunugamma_pty-15_35.deriv.DAOD_STDM3.e5928_s3126 19364 r9315_p3975
mc16.13TeV.364533.Sherpa_222 NNPDF30NNLO_taunugamma_pty_35.70.deriv.DAOD_STDM3.e5928 53126 r9364.1r9315_p3975
mc16.13TeV.364534.Sherpa_222 NNPDF30NNLO_taunugamma_pty.70.140.deriv.DAOD_STDM3.e5928_s3126 19364 r9315_p3975
mc16-13TeV.364535.Sherpa-222_ NNPDF30NNLO-taunugamma_pty-140_E_.CMS.deriv.DAOD_STDM3.e5928_s3126.r9364.19315_p3975
mc16-13TeV.364739.MGPy8EG NNPDF30NLO_-A14NNPDF23LOIvIJEW6_OFMinus.deriv.DAOD_STDM3.e7421.e5984.s3126 19364 .r9315_p3975
mc16-13TeV.364740. MGPy8EG NNPDF30NLO-A14NNPDF23LOIvIljJEW6_OFPlus.deriv.DAOD_STDM3.e7421.€5984.s3126.19364.r9315_p3975
mc16-13TeV.364741. MGPy8EG NNPDF30NLO-A14NNPDF23LO IvIjJEW6 _SEMinus.deriv.DAOD_STDM3.e7421_e5984.s3126 19364 19315_p3975
mc16-13TeV.364742. MGPy8EG NNPDF30NLO-A14NNPDF23LO IvIjJEW6_SFPlus.deriv.DAOD_STDM3.e7421 5984312619364 19315_p3975
mc16_13TeV.410155.aMcAtNloPythia8EvtGen MEN30NLO_A14N23LO_ttW.deriv.DAOD_STDM3.e5070_s3126_r9364_r9315_p3975
mc16_13TeV.410218.aMcAtNloPythia8EvtGen MEN30NLO_A14N23LO_ttee.deriv.DAOD_STDM3.e5070_s3126 19364 1r9315_p3975
mc16_13TeV.410219.aMcAtNloPythia8EvtGen MEN30NLO_A14N23LO_ttmumu.deriv.DAOD_STDM3.e5070_s3126_r9364_r9315_p3975
mc16_13TeV.410220.aMcAtNloPythia8EvtGen MEN30NLO_A14N23LO_tttautau.deriv.DAOD_STDM3.e5070_s3126_r9364 r9315_p3975
mc16.13TeV.410470. PhPy8EG_A14_ttbar_hdamp258p75_nonallhad.deriv.DAOD_STDM3.e6337 5984 53126 19364.1r9315_p3975
mc16_13TeV.410472.PhPy8EG_A14_ttbar_hdamp258p75_dil.deriv.DAOD_STDM3.e6348 5984 _s3126 19364 r9315_p3975
mc16.13TeV.410560.MadGraphPythia8EvtGen_A14_tZ_4fl_tchan_noAllHad.deriv.DAOD_STDM3.e5803_s3126_r9364.r9315_p3975
mc16_13TeV.410644.PowhegPythia8EvtGen_A14_singletop_schan_lept_top.deriv.DAOD_STDM3.e6527_s3126 1r9364_p3975
mc16.13TeV.410645 PowhegPythia8EvtGen_A14_singletop_schan_lept_antitop.deriv.DAOD_STDM3.e6527 -s3126_r9364_p3975
mc16_13TeV.410648.PowhegPythia8EvtGen_A14_Wt_DR_dilepton_top.deriv.DAOD_STDM3.e6615_e5984 s3126_r9364._r9315_p3975
mc16.13TeV.410649 . PowhegPythia8EvtGen_A14_ Wt_DR_dilepton_antitop.deriv.DAOD _STDM3.e6615_e5984 5312619364 r9315_p3975
mc16-13TeV.410658. PhPy8EG_A14_tchan.BW50_lept_top.deriv.DAOD_STDM3.e6671.e5984.s3126.19364.r9315_p3975



A.2. LIST OF SAMPLES 89

mc16_13TeV.410659.PhPy8EG_A14_tchan_BW50_lept_antitop.deriv.DAOD_STDM3.e6671_e5984_s3126_19364 19315_p3975

mcléed

mc16_13TeV.363147. MGPy8EG_N30NLO_Zee_Ht0_70_CVetoBVeto.deriv.DAOD_STDM3.e4866_s3126_r10201_r10210_p3975

mc16_13TeV.363148 MGPy8EG_N30NLO_Zee_Ht0_70_CFilterBVeto.deriv.DAOD_STDM3.e4866_s3126_r10201_r10210_p3975
mc16_13TeV.363149. MGPy8EG_N30NLO_Zee_Ht0_70_BFilter.deriv.DAOD_STDM3.e4866_s3126_r10201_r10210_p3975

mc16.13TeV.363150. MGPY8EG_N30NLO_Zee Ht70.140_CVetoBVeto.deriv.DAOD_STDM3.e4866_s3126 1r10201_r10210_p3975
mc16.13TeV.363151. MGPy8EG_N30NLO_Zee_Ht70.140_CFilterBVeto.deriv.DAOD_STDM3.e4866 s3126_r10201.r10210_p3975

mc16.13TeV.363152. MGPy8EG_N30NLO_Zee_Ht70.140_BFilter.deriv.DAOD_STDM3.e4866 s3126_r10201.r10210_p3975

mc16.13TeV.363153. MGPy8EG_N30NLO_Zee Ht140.280_CVetoBVeto.deriv.DAOD_STDM3.e4866 53126 r10201._r10210_p3975

mc16-13TeV.363154. MGPy8EG N30NLO_Zee Ht140.280_CFilterBVeto.deriv.DAOD_STDM3.e4866s3126.r10201.r10210-p3975

mc16-13TeV.363155.MGPy8EG N30NLO_Zee Ht140.280_BFilter.deriv.DAOD_STDM3.e4866 53126 r10201r10210_p3975

mc16-13TeV.363156. MGPy8EG-N30NLO_Zee Ht280-500-CVetoBVeto.deriv.DAOD_STDM3.e4866-s3126.r10201r10210_p3975
mc16-13TeV.363157.MGPy8EG N30NLO_Zee Ht280-500_CFilterBVeto.deriv.DAOD_STDM3.e4866s3126.r10201.r10210-p3975
mc16-13TeV.363158. MGPy8EG -N30NLO_Zee Ht280-500_BFilter.deriv.DAOD_STDM3.e4866-s3126.r10201r10210_p3975
mc16-13TeV.363159.MGPy8EG-N30NLO_Zee Ht500-700-CVetoBVeto.deriv.DAOD_STDM3.e4866-s3126.r10201r10210_p3975
mc16-13TeV.363160.MGPy8EG -N30NLO-Zee Ht500-700_CFilterBVeto.deriv.DAOD_STDM3.e4866s3126.r10201.r10210-p3975
mc16-13TeV.363161. MGPy8EG -N30NLO-Zee Ht500-700-_BFilter.deriv.DAOD_STDM3.e4866-s3126.r10201r10210-p3975

mc16_13TeV.363162. MGPy8EG_N30NLO_Zee_Ht700-1000_C VetoBVeto.deriv.DAOD_STDM3.e4866_s3126_r10201_r10210_p3975
mc16_13TeV.363163. MGPy8EG_N30NLO_Zee_Ht700-1000_CFilterBVeto.deriv.DAOD_STDM3.e4866_s3126_r10201_r10210_p3975
mc16_13TeV.363164.MGPy8EG_N30NLO_Zee_Ht700-1000_BFilter.deriv.DAOD_STDM3.e4866_s3126 r10201_r10210_p3975
mc16.13TeV.363165.MGPy8EG_N30NLO_Zee Ht1000-2000_CVetoBVeto.deriv.DAOD_STDM3.e4866.s3126_r10201_r10210_p3975
mc16_13TeV.363166. MGPy8EG_N30NLO_Zee_Ht1000-2000_CFilterBVeto.deriv.DAOD_STDM3.e4866_s3126_r10201.r10210_p3975
mc16_13TeV.363167.MGPy8EG_N30NLO_Zee_Ht1000-2000_BFilter.deriv.DAOD_STDM3.e4866_s3126_r10201_r10210_p3975

mc16.13TeV.363168 MGPy8EG_N30NLO_Zee Ht2000_E_.CMS_CVetoBVeto.deriv.DAOD_STDM3.e4866_s3126_r10201.r10210_p3975
mc16.13TeV.363169. MGPy8EG_N30NLO_Zee Ht2000_E_CMS_CFilterBVeto.deriv.DAOD_STDM3.e4866_s3126 r10201.r10210_p3975
mc16.13TeV.363170. MGPy8EG_N30NLO_Zee _Ht2000_E_CMS _BFilter.deriv.DAOD_STDM3.e4866_s3126 r10201.r10210-p3975
mc16.13TeV.363356.Sherpa_221 NNPDF30NNLO-ZqqZll.deriv.DAOD_STDM3.e5525.s3126.r10201.r10210-p3975
mc16-13TeV.364250.Sherpa-222_ NNPDF30NNLO.111l.deriv.DAOD_STDM3.e5894.€5984.s3126.r10201.r10210-p3975
mc16-13TeV.364253.Sherpa-222_ NNPDF30NNLOlllv.deriv.DAOD_STDM3.e5916€5984.s3126r10201.r10210-p3975
mc16-13TeV.364254.Sherpa_222_ NNPDF30NNLO.llvv.deriv.DAOD_STDM3.e5916.€5984.s3126 110201 .r10210-p3975
mc16-13TeV.364283.Sherpa-222_ NNPDF30NNLOI111jj-EW6.deriv.DAOD-STDM3.e6055-e5984 s3126.r10201r10210-p3975
mc16-13TeV.364284.Sherpa_222_ NNPDF30NNLO1llvjj_ EW6.deriv.DAOD_STDM3.e6055.5984.s3126 r10201.r10210-p3975
mc16-13TeV.364286.Sherpa-222_ NNPDF30NNLO_llvvijj.ss_LEW4.deriv.DAOD_STDM3.e6055.e5984.s3126.r10201.r10210-p3975
mc16-13TeV.364287.Sherpa-222_ NNPDF30NNLO_llvvijj.ss_LEW6.deriv.DAOD_STDM3.e6055.e5984.s3126.r10201.r10210-p3975
mc16_13TeV.364500.Sherpa_222 NNPDF30NNLO_eegamma_pty_7_15.deriv.DAOD_STDM3.e5928 5984 s3126 r10201_r10210_p3975
mc16_13TeV.364501.Sherpa_222 NNPDF30NNLO_eegamma_pty_15_35.deriv.DAOD_STDM3.e5928_e5984_s3126_r10201_r10210_p3975
mc16_13TeV.364502.Sherpa_222 NNPDF30NNLO_eegamma_pty_35_70.deriv.DAOD_STDM3.e5928_e5984_s3126_r10201_r10210_p3975
mc16_13TeV.364503.Sherpa_222 NNPDF30NNLO_eegamma_pty_70_140.deriv.DAOD_STDM3.e5928_5984 s3126 r10201_r10210_p3975
mc16_13TeV.364504.Sherpa_222 NNPDF30NNLO_eegamma_pty_140_E_CMS.deriv.DAOD_STDM3.e5928_e5984_s3126_r10201_r10210_p3975
mc16_13TeV.364505.Sherpa_222_ NNPDF30NNLO_mumugamma_pty_7_15.deriv.DAOD_STDM3.e5928 5984 s3126 r10201_r10210_p3975
mc16.13TeV.364506.Sherpa_222 NNPDF30NNLO.mumugamma.pty_15_35.deriv.DAOD_STDM3.e5928_s3126 r10201_p3970
mc16.13TeV.364507 Sherpa_222 NNPDF30NNLO.mumugamma.pty_35_70.deriv.DAOD_STDM3.e5928_e5984 53126 110201_r10210_p3975

mc16.13TeV.364508.Sherpa_222 NNPDF30NNLO.mumugamma.pty_70-140.deriv.DAOD_STDM3.e5928 e5984_s3126_r10201 r10210_p3975
mc16.13TeV.364509.Sherpa_222 NNPDF30NNLO.mumugamma.pty_140_E_.CMS.deriv.DAOD_STDM3.e5928_e5984 s3126_r10201_r10210_p3975
mc16.13TeV.364510.Sherpa_222 NNPDF30NNLO_tautaugamma_pty_7.15.deriv.DAOD_STDM3.e5928 €5984 s3126_r10201.r10210_p3975

mc16-13TeV.364511.Sherpa_222_ NNPDF30NNLO-tautaugamma_pty-15_35.deriv.DAOD_STDM3.e5928 5984 s3126.r10201r10210-p3975
mc16-13TeV.364512.Sherpa-222_ NNPDF30NNLO-tautaugamma_pty -35_70.deriv.DAOD_STDM3.e5928 5984 s3126.r10201r10210-p3975
mc16-13TeV.364513.Sherpa-222_ NNPDF30NNLO-tautaugamma_pty70-140.deriv.DAOD_STDM3.e5982_€5984.s3126.r10201.r10210-p3975
mc16-13TeV.364514.Sherpa_222_ NNPDF30NNLO-tautaugamma_pty-140_E_.CMS.deriv.DAOD.STDM3.e5928_e5984.s3126.r10201r10210_p3975
mc16-13TeV.364521.Sherpa-222 NNPDF30NNLO-enugamma.pty.7-15.deriv.DAOD_STDM3.e5928 e5984 .s3126.1r10201.r10210-p3975
mc16-13TeV.364522.Sherpa-222 NNPDF30NNLO-enugamma.-pty-15.35.deriv.DAOD.STDM3.e5928 e5984.s3126.r10201.r10210-p3975
mc16-13TeV.364523.Sherpa-222 NNPDF30NNLO-enugamma.-pty-35.70.deriv.DAOD_STDM3.e5928 5984.s3126.r10201.r10210_p3975
mc16_13TeV.364524.Sherpa_222 NNPDF30NNLO_enugamma_pty_70.140.deriv.DAOD_STDM3.e5928_e5984 _s3126_r10201_r10210_p3975
mc16_13TeV.364525.Sherpa_222 NNPDF30NNLO_enugamma_pty_140_E_CMS.deriv.DAOD_STDM3.e5928_e5984_s3126_r10201_r10210_p3975
mc16.13TeV.364526.Sherpa 222 NNPDF30NNLO.munugamma_pty.7_15.deriv.DAOD_STDM3.e5928_e5984_s3126_110201.r10210_p3975
mc16_13TeV.364527.Sherpa_222 NNPDF30NNLO_munugamma_pty.15_35.deriv.DAOD_STDM3.e5928 5984 _s3126 r10201_r10210_p3975
mc16_13TeV.364528.Sherpa_222 NNPDF30NNLO_munugamma_pty_35_70.deriv.DAOD_STDM3.e5928_¢5984_s3126 r10201_r10210_p3975
mc16_13TeV.364529.Sherpa_222 NNPDF30NNLO_munugamma_pty._70.140.deriv.DAOD_STDM3.e5928_e5984_s3126_r10201_r10210_p3975
mc16.13TeV.364530.Sherpa_222 NNPDF30NNLO.munugamma_pty.140_.E_CMS.deriv.DAOD_STDM3.e5928 €5984_s3126_r10201.r10210_p3975
mc16.13TeV.364531.Sherpa_222 NNPDF30NNLO_taunugamma_pty_7.15.deriv.DAOD_STDM3.e5928 _e5984 s3126._r10201.r10210_p3975

mc16.13TeV.364532.Sherpa_222 NNPDF30NNLO_taunugamma_pty_15_35.deriv.DAOD_STDM3.e5928_€5984 53126 _r10201.r10210_p3975
mc16-13TeV.364533.Sherpa_222_ NNPDF30NNLO_taunugamma_pty_35_70.deriv.DAOD_STDM3.e5928_e5984 .s3126.r10201_r10210-p3975
mc16-13TeV.364534.Sherpa-222_ NNPDF30NNLO-taunugamma_pty-70-140.deriv.DAOD_STDM3.e5928 €5984.s3126.r10201.r10210-p3975
mc16-13TeV.364535.Sherpa-222_ NNPDF30NNLO-taunugamma_pty-140.E_.CMS.deriv.DAOD_STDM3.e5928_e5984.s3126_r10201.r10210-p3975
mc16-13TeV.364739.MGPy8EG NNPDF30NLO_A14NNPDF23LOIvIJEW6_OFMinus.deriv.DAOD_STDM3.e7421€5984.s3126.r10201.r10210-p3975
mc16-13TeV.364740.MGPy8EG NNPDF30NLO_A14NNPDF23LOIvIjJEW6_OFPlus.deriv.DAOD_STDM3.e7421 €5984.s3126.r10201r10210-p3975
mc16-13TeV.364741. MGPy8EG NNPDF30NLO-A14NNPDF23LOIvIljJEW6_SFMinus.deriv.DAOD_STDM3.e7421_€5984.s3126_r10201.r10210-p3975
mc16-13TeV.364742. MGPy8EG NNPDF30NLO-A14NNPDF23LO IvIjJEW6_SFPlus.deriv.DAOD_STDM3.e7421.e5984.s3126.r10201.r10210-p3975
mc16-13TeV.410155.aMcAtNloPythia8EvtGen MEN30NLO-A14N23LO_ttW.deriv.DAOD_STDM3.e5070-e5984.s3126.r10201110210-p3975
mc16_13TeV.410218.aMcAtNloPythia8EvtGen MEN30NLO_A14N23LO_ttee.deriv.DAOD_STDM3.e5070_e5984_s3126_r10201_r10210_p3975
mc16_13TeV.410219.aMcAtNloPythia8EvtGen MEN30NLO_A14N23LO_ttmumu.deriv.DAOD_STDM3.e5070_e5984_s3126_r10201_r10210_-p3975
mc16_13TeV.410220.aMcAtNloPythia8EvtGen MEN30NLO_A14N23LO_tttautau.deriv.DAOD_STDM3.e5070_e5984_s3126_r10201_r10210_p3975
mc16_13TeV.410470.PhPy8EG_A14_ttbar_hdamp258p75_nonallhad.deriv.DAOD_STDM3.e6337_e5984_s3126_r10201_r10210_p3975
mc16_13TeV.410472.PhPy8EG_A14_ttbar_hdamp258p75_dil.deriv.DAOD_STDM3.e6348_e5984_s3126_r10201_r10210_p3975
mc16_13TeV.410560.MadGraphPythia8EvtGen_A14_tZ_4fl_tchan_noAllHad.deriv.DAOD_STDM3.e5803_e5984 s3126_r10201_r10210_p3975

mc16.13TeV.410644 PowhegPythia8EvtGen_A14_singletop_schan_lept._top.deriv.DAOD_STDM3.e6527_s3126_r10201_p3975
mc16_13TeV.410645.PowhegPythia8EvtGen_A14_singletop_schan_lept_antitop.deriv.DAOD_STDM3.e6527_s3126_r10201_p3975

mc16_13TeV.410648. PowhegPythia8EvtGen_A14_Wt_DR_dilepton_top.deriv.DAOD_STDM3.e6615_e5984 s3126_r10201.r10210-p3975
mc16_13TeV.410649.PowhegPythia8EvtGen_A14_Wt_DR_dilepton_antitop.deriv.DAOD_STDM3.e6615_¢5984 _s3126_r10201_r10210_p3975
mc16-13TeV.410658.PhPy8EG_A14_tchan.BW50.lept_top.deriv.DAOD_-STDM3.e6671-e5984 s3126.r10201.r10210-p3975
mc16.13TeV.410659.PhPy8EG_A14.tchan.BW50.lept_antitop.deriv.DAOD_STDM3.e6671-€5984.s3126.r10201r10210_p3975



90APPENDIX A. TECHNICAL DETAILS ON THE DATASET AND EVENT SELECTION

mclée

mc16-13TeV.363147.MGPy8EG-N30NLO_Zee Ht0.70.CVetoBVeto.deriv.DAOD_STDM3.e4866-e5984 s3126.1r10724.r10726 .p3975
mc16-13TeV.363148. MGPy8EG N30NLO_Zee Ht0.70CFilterBVeto.deriv.DAOD_STDM3.e4866 .€5984.s3126 r10724 110726 p3975
mc16-13TeV.363149.MGPy8EG N30NLO_Zee Ht0.70-BFilter.deriv.DAOD_-STDM3.e4866-e5984 53126110724 110726 .p3975
mc16-13TeV.363150. MGPy8EG-N30NLO_Zee Ht70-140_CVetoBVeto.deriv.DAOD_STDM3.e4866 5984 s3126.r10724.r10726 .p3975
mc16-13TeV.363151. MGPy8EG-N30NLO_Zee Ht70-140_CFilterBVeto.deriv.DAOD_STDM3.e4866-€5984.s3126 110724110726 -p3975
mc16-13TeV.363152. MGPy8EG N30NLO-Zee_Ht70-140 _BFilter.deriv.DAOD.STDM3.e4866-e5984.s3126.r10724.1r10726 p3975
mc16-13TeV.363153. MGPy8EG N30NLO-Zee-Ht140-280_CVetoBVeto.deriv.DAOD_STDM3.e4866-5984.s3126.r10724.110726 p3975
mc16_13TeV.363154. MGPy8EG_N30NLO_Zee_Ht140_280_CFilterBVeto.deriv.DAOD_STDM3.e4866_e5984 53126 110724 _r10726_p3975
mc16_13TeV.363155.MGPy8EG_N30NLO_Zee_Ht140_280_BFilter.deriv.DAOD_STDM3.e4866 5984 _s3126 110724 r10726_p3975
mc16.13TeV.363156. MGPYS8EG_N30NLO_Zee_Ht280.500_CVetoBVeto.deriv.DAOD_STDM3.e4866 €5984_s3126_1r10724 110726 _p3975
mc16.13TeV.363157. MGPy8EG_N30NLO_Zee Ht280_500_CFilterBVeto.deriv.DAOD_STDM3.e4866_e5984 53126 110724 r10726_p3975
mc16.13TeV.363158 MGPy8EG_N30NLO_Zee Ht280_500_BFilter.deriv.DAOD_STDM3.e4866_e5984 53126 110724 r10726 _p3975
mc16.13TeV.363159. MGPy8EG_N30NLO_Zee Ht500.700_CVetoBVeto.deriv.DAOD_STDM3.e4866 .€5984_s3126_r10724 110726 _p3975
mc16.13TeV.363160. MGPy8EG_N30NLO_Zee Ht500.700_CFilterBVeto.deriv.DAOD_STDM3.e4866_e5984 53126 110724 r10726_p3975
mc16.13TeV.363161. MGPy8EG_N30NLO_Zee Ht500.700_BFilter.deriv.DAOD_STDM3.e4866_e5984 53126 r10724.r10726 p3975
mc16.13TeV.363162. MGPy8EG_N30NLO_Zee Ht700-1000_CVetoBVeto.deriv.DAOD_STDM3.e4866_e5984 53126 110724 _r10726_p3975
mc16-13TeV.363163.MGPy8EG_-N30NLO_Zee Ht700-1000-CFilterBVeto.deriv.DAOD_STDM3.e4866 .€5984 53126 r10724 110726 p3975
mc16-13TeV.363164.MGPy8EG_-N30NLO_Zee Ht700-1000-BFilter.deriv.DAOD_STDM3.e4866-e5984.s3126.1r10724.1r10726 _p3975
mc16-13TeV.363165.MGPy8EG_-N30NLO_Zee Ht1000-2000-CVetoBVeto.deriv.DAOD_STDM3.e4866.€5984.s3126 110724110726 p3975
mc16-13TeV.363166.MGPy8EG_-N30NLO_Zee Ht1000-2000-CFilterBVeto.deriv.DAOD_STDM3.e4866 5984 3126 110724110726 _p3975
mc16-13TeV.363167.MGPy8EG-N30NLO_Zee Ht1000-2000-BFilter.deriv.DAOD_STDM3.e4866 598453126 1r10724.r10726 p3975
mc16-13TeV.363168. MGPy8EG-N30NLO_Zee -Ht2000-E_-CMS_CVetoBVeto.deriv.DAOD_STDM3.e4866-€5984.s3126 r10724.r10726 p3975
mc16-13TeV.363169. MGPy8EG N30NLO-Zee Ht2000-E_.CMS_CFilterBVeto.deriv.DAOD_STDM3.e4866-e5984.s3126.r10724 110726 p3975
mc16-13TeV.363170.MGPy8EG -N30NLO-Zee Ht2000-E_.CMS_BFilter.deriv.DAOD.STDM3.e4866-5984.s3126.r10724.1r10726 p3975
mc16_13TeV.363356.Sherpa_221_ NNPDF30NNLO_ZqqZll.deriv.DAOD_STDM3.e5525_e5984_s3126_r10724_r10726_p3975
mc16_13TeV.364250.Sherpa_222_ NNPDF30NNLO_IlLderiv.DAOD_STDM3.e5894 5984 _s3126_r10724_r10726_p3975
mc16_13TeV.364253.Sherpa_222 NNPDF30NNLO_lllv.deriv.DAOD_STDM3.e5916_e5984 s3126_r10724 r10726_p3975
mc16_13TeV.364254.Sherpa_222 NNPDF30NNLO_llvv.deriv.DAOD_STDM3.e5916_e5984_s3126_r10724 r10726_p3975
mc16_13TeV.364283.Sherpa_222 NNPDF30NNLO_I1Ljj_.EW6.deriv.DAOD_STDM3.e6055_e5984 s3126_r10724 r10726_p3975
mc16_13TeV.364284.Sherpa_222 NNPDF30NNLO_lllvjj EW6.deriv.DAOD_STDM3.e6055_€5984_s3126 r10724_r10726_p3975

mc16.13TeV.364286.Sherpa_222 NNPDF30NNLO_llvvjj.ss_ EW4.deriv.DAOD_STDM3.e6055_e5984 53126 r10724._r10726 p3975
mc16.13TeV.364287 Sherpa 222 NNPDF30NNLO_llvvjj.ss_ EW6.deriv.DAOD_STDM3.e6055_e5984 53126 r10724._r10726 p3975
mc16.13TeV.364501.Sherpa_222 NNPDF30NNLO_eegamma_pty_15_35.deriv.DAOD_STDM3.e5928_e5984 3126110724 110726 _p3975

mc16.13TeV.364502.Sherpa 222 NNPDF30NNLO_eegamma_pty_35_70.deriv.DAOD_STDM3.e5928_e5984 3126 110724 110726 _p3975
mc16-13TeV.364503.Sherpa-222_ NNPDF30NNLO-eegamma_pty-70-140.deriv.DAOD_STDM3.e5928 5984 53126 110724110726 .p3975
mc16-13TeV.364504.Sherpa_222_ NNPDF30NNLO-eegamma_pty-140_.E_CMS.deriv.DAOD_STDM3.e5928_e5984 53126 r10724.1r10726p3975
mc16-13TeV.364506.Sherpa-222 NNPDF30NNLO-mumugamma_pty-15_35.deriv.DAOD_STDM3.e5928_s3126.r10724_p3970
mc16-13TeV.364507.Sherpa-222_ NNPDF30NNLO-mumugamma_-pty-35.70.deriv.DAOD_STDM3.e5928_e5984.s3126.r10724.110726_p3975
mc16-13TeV.364508.Sherpa-222 NNPDF30NNLO-mumugamma_-pty-70-140.deriv.DAOD_STDM3.e5928 5984 53126110724 r10726 p3975
mc16-13TeV.364509.Sherpa-222 NNPDF30NNLO-mumugamma_-pty-140_E_.CMS.deriv.DAOD_STDM3.e5928_e5984.s3126.r10724.1r10726_p3975
mc16-13TeV.364511.Sherpa-222 NNPDF30NNLO-tautaugamma_pty-15_35.deriv.DAOD_STDM3.e5928_e5984 s3126.r10724.1r10726 p3975
mc16-13TeV.364512.Sherpa-222 NNPDF30NNLOtautaugamma_pty-35.70.deriv.DAOD_STDM3.e5928_e5984 s3126.r10724.1r10726 p3975
mc16_13TeV.364513.Sherpa_222_ NNPDF30NNLO_tautaugamma_pty_70_140.deriv.DAOD_STDM3.e5982 5984 _s3126 110724 r10726_p3975
mc16_13TeV.364514.Sherpa_222 NNPDF30NNLO_tautaugamma_pty_140_E_CMS.deriv.DAOD_STDM3.e5928_e5984_s3126_r10724_r10726_p3975
mc16_13TeV.364522.Sherpa_222 NNPDF30NNLO_enugamma_pty_15_35.deriv.DAOD_STDM3.e5928_e5984_s3126_r10724_r10726_p3975
mc16_13TeV.364523.Sherpa_222 NNPDF30NNLO_enugamma_pty_35_70.deriv.DAOD_STDM3.e5928_e5984_s3126_r10724_r10726_p3975
mc16_13TeV.364524.Sherpa_222 NNPDF30NNLO_enugamma_pty_70-140.deriv.DAOD_STDM3.e5928_e5984 _s3126 110724 r10726_p3975
mc16.13TeV.364525.Sherpa_222 NNPDF30NNLO_enugamma_pty.140_E_CMS.deriv.DAOD_STDM3.e5928_e5984 53126 r10724.r10726 p3975
mc16.13TeV.364527 Sherpa 222 NNPDF30NNLO_munugamma_pty.15_35.deriv.DAOD_STDM3.e5928 5984 53126 110724 r10726_p3975
mc16.13TeV.364528 Sherpa_222 NNPDF30NNLO_munugamma_pty_35_70.deriv.DAOD_STDM3.e5928 5984 53126 110724 r10726_p3975
mc16.13TeV.364529.Sherpa_222 NNPDF30NNLO._munugamma_pty.70.140.deriv.DAOD_STDM3.e5928_€5984 s3126_r10724. 110726 _p3975
mc16-13TeV.364530.Sherpa-222_ NNPDF30NNLO-munugamma_pty-140_E_.CMS.deriv.DAOD_STDM3.e5928 €5984.s3126.r10724.r10726 .p3975
mc16-13TeV.364532.Sherpa-222_ NNPDF30NNLO-taunugamma_pty-15.35.deriv.DAOD_STDM3.e5928 5984 s3126.r10724.r10726 p3975
mc16-13TeV.364533.Sherpa_222_ NNPDF30NNLO-taunugamma_pty-35.70.deriv.DAOD_STDM3.e5928 5984 3126 110724110726 p3975
mc16-13TeV.364534.Sherpa-222_ NNPDF30NNLO-taunugamma_-pty-70-140.deriv.DAOD_STDM3.e5928 €5984.s3126 110724110726 .p3975
mc16-13TeV.364535.Sherpa-222_ NNPDF30NNLO-taunugamma_pty-140.E_.CMS.deriv.DAOD_STDM3.e5928_e5984.s3126.1r10724.r10726 p3975
mc16-13TeV.364739.MGPy8EG NNPDF30NLO_-A14NNPDF23LOIvIJEW6_OFMinus.deriv.DAOD_STDM3.e7421-€5984.s3126.r10724.110726 _p3975
mc16-13TeV.364740. MGPy8EG NNPDF30NLO-A14NNPDF23LO IvIJEW6 _OFPlus.deriv.DAOD_STDM3.e7421 5984 53126110724 110726 _p3975
mc16-13TeV.364741. MGPy8EG NNPDF30NLO-A14NNPDF23LO IvIjJEW6 _SEMinus.deriv.DAOD_STDM3.e7421_e5984.s3126.r10724.1r10726 p3975
mc16_13TeV.364742. MGPy8EG_NNPDF30NLO_A14NNPDF23LO_IvIjJEW6_SFPlus.deriv.DAOD_STDM3.e7421_e5984 _s3126_r10724 110726 _p3975
mc16_13TeV.410155.aMcAtNloPythia8EvtGen MEN30NLO_A14N23LO_ttW.deriv.DAOD_STDM3.e5070_e5984 _s3126_r10724 110726_p3975
mc16_13TeV.410218.aMcAtNloPythia8EvtGen MEN30NLO_A14N23LO_ttee.deriv.DAOD_STDM3.e5070_e5984 _s3126_r10724_r10726_p3975
mc16_13TeV.410219.aMcAtNloPythia8EvtGen MEN30NLO_A14N23LO_ttmumu.deriv.DAOD_STDM3.e5070_e5984 s3126_r10724 r10726 p3975
mc16_13TeV.410220.aMcAtNloPythia8EvtGen MEN30NLO_A14N23LO_tttautau.deriv.DAOD_STDM3.e5070_e5984 53126 r10724 r10726 p3975
mc16_13TeV.410470.PhPy8EG_A14_ttbar_hdamp258p75_nonallhad.deriv.DAOD_STDM3.e6337 5984 _s3126_r10724 110726 _p3975
mc16_13TeV.410472.PhPy8EG_A14_ttbar_hdamp258p75_dil.deriv.DAOD_STDM3.e6348_5984_s3126_r10724_r10726_p3975
mc16_13TeV.410560.MadGraphPythia8EvtGen_A14_tZ_4fl_tchan_noAllHad.deriv.DAOD_STDM3.e5803_e5984 .s3126 110724 r10726_p3975
mc16.13TeV.410644 PowhegPythia8EvtGen_A14_singletop_schan_lept.top.deriv.DAOD_STDM3.e6527_s3126_r10724_p3975
mc16-13TeV.410645.PowhegPythia8EvtGen_A14_singletop_schan_lept_antitop.deriv.DAOD_STDM3.e6527_s3126_r10724_p3975
mc16.13TeV.410648 PowhegPythia8EvtGen_A14_ Wt_DR_dilepton_top.deriv.DAOD_STDM3.e6615_e5984 s3126_s3136_r10724.r10726_p3975
mc16.13TeV.410649 PowhegPythia8EvtGen_A14_ Wt_DR_dilepton_antitop.deriv.DAOD_STDM3.e6615_e5984 s3126_s3136 110724 r10726 p3975
mc16-13TeV.410658.PhPy8EG_A14_tchan.BW50.lept_top.deriv.DAOD-STDM3.e6671-e5984 s3126.s3136.110724.r10726 p3975
mc16-13TeV.410659.PhPy8EG_A14.tchan.BW50.lept.antitop.deriv.DAOD.STDM3.e6671-€5984 53126 s3136.r10724 110726 p3975



Appendix B

Additional Material on studies of
charge misidentification sources

B.1 Comparisons in electron kinematics between software re-
leases and MC campaigns

In this appendix, some comparisons for electron kinematics measured between software
releases in Release 20.7 (used for the measurements of electroweak same-sign WW pro-
duction in ATLAS with 2015-2016 dataset [52]) and Release 21 (used during this thesis).
The electron selection follows Section 6.3.1 for both releases.

Considerable improvements on the my, reconstruction were observed after the AT-
LAS software release was updated from release 20.7 to 21.2, where the new dynamical,
topological cell clustering-based algorithm [65] (described in Sec 3.3.2) is used for the
electron energy reconstruction.

B.2 Charge misidentification between MC campaings

In Figure B.2, the reconstructed electron pr in the EMCAL, the pseudorapidity |7|, the
invariant mass reconstructed with leading and subleading leptons, the significance of
the transverse impact parameter dy/o4,, the ratio between energy reconstructed in the
EMCAL over energy measurement from the track curvature E/p and the number of re-
constructed tracks assigned to the electron candidate (nTracksPerParticle) are presented
for MC campaigns mcl6a (shown in blue), mc16d (red) and mcl6e (green) as well as for
the full Run 2 set (presented in black). Deviations among Monte Carlo campaigns are
within statistical uncertainties and no systematic variations are observed. A consistent
description of charge misidentification can be obtained for the full Run 2 sample. The
charge is correctly reconstructed in 99.68% of the cases for the full Run 2 sample (99.69%,
99.69% and 99.67% for mcl6a, mcl6d and mcl6e respectively). On the other hand, elec-
tron charges constitute a rare phenomenon (0.32% of the electrons for full Run 2, 0.31%,
0.31% and 0.33% for mc16a, mcl6d and mcl6e respectively) and tend to be misidentified
at greater values of pr (dashed lines).
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Figure B.1: Comparisons on kinematic and tracking distributions for electrons with correct and wrong
charge reconstruction using the sliding-window (release 20.7 of the ATLAS software, shown in solid lines)
and topological cell clustering-based (release 21.2 of the ATLAS software, shown in dashed lines) algorithms
for the energy reconstruction for both correctly (blue) and wrongly (red) reconstructed electrons. The elec-
tron selection follows Section 6.3.1 in both releases. Only statistical uncertainties are shown.
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Figure B.2: Kinematic and track distributions for electrons with correct (solid line) and wrong charge re-
construction (dashed line) in simulated Z — ee decays using the full Run 2 sample (139 fb1). Distributions
for mc16a (blue), mcl6d (red) and mcl6e (green) are also shown individually. On top, the reconstructed elec-
tron pr (left) and the pseudorapidity |7| (right). The central row contains the invariant mass reconstructed
with both electrons my, (left) and the significance of the transverse impact parameter do /o4, (right). Below,
the ratio between energy reconstructed in the EMCAL over energy measurement from the track curvature
E /p (left) and the number of tracks assigned to the electron candidate (nTracksPerParticle, right). Only statisti-
cal uncertainties are shown. At least one charge-misidentified electron is considered for the my, distribution

of wrongly reconstructed electrons.
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TruthType TruthOrigin
Value [ Description Value [ Description
0 Unknown electron type 5 y conversions
2 Isolated electron 13 Z decays
3 Non-isolated electron 40 FSR radiation
4 Background electron
15 Non isolated Photon

Table B.1: Description of relevant values of TruthType and TruthOrigin during studies on charge misiden-
tification sources at truth level.

Notable deviations are found on the distribution of the number of tracks assigned
to the electron candidate (nTracksPerParticle) among campaigns. Respect to mcl6a and
mcl6d, the number of events with only one track assigned drops by 18%. These electrons
candidates allocate additional tracks in mclée. The denser detector environment (i.e.
the increased number of pile-up interactions) can explain this effect due to the reduced
efficiency in track reconstruction discussed in Section 3.3.1. Nevertheless, the track cor-
responding to the prompt electron signature is normally the best-matching track for the
electron candidate, as the found kinematic distributions for mcl6e agree with previous
MC campaigns.

B.3 Technical details on the truth selection of electron categories

In detector simulation, truth information on the reconstructed and generated electron is
retrieved. This information helps to determine whether the reconstructed charge was
identified correctly. The electron can be identified by its PDG ID [15], with PDGID ==
11 and PDGID == -11 identifying electrons and positrons, respectively. The characteri-
zation of electrons is then applied at generator level. In the final state, only the truth
information on the generated electrons closest to the reconstructed electron candidates
are considered. The ATLAS Athena tool MCTruthClassifier is used to retrieve infor-
mation on the electron type and physical process of origin making use of two variables,
TruthType and TruthOrigin, respectively. Within this tool, electrons of interest are di-
vided into three main categories. Isolated (or prompt) electrons are signal particles, e.g.
electrons from boson decay Z — ee. TruthType==2 is assigned to them. Non-isolated elec-
trons, which are originated from decay of the charmed or b-flavored mesons and baryons
(as exception decay of J/¢ included) and have TruthType==3. And lastly background elec-
trons that correspond to all the rest including bb and cc mesons decays or photon conver-
sions, with TruthType==4. Similar determination of the particle type can be determined
for photons, muons and 7-leptons. Photons will be also relevant for our studies, with
TruthType==14 being assigned to isolated photons and TruthType==15 to none isolated
photons. Besides, the process of origin is identified by TruthOrigin, e.g. particles from
Z boson decays (TruthOrigin==13), photon conversions (TruthOrigin==5) or FSR pho-
tons (TruthOrigin==40). Table B.1 summarizes the relevant values for TruthType and
TruthOrigin.

The transverse momentum of a particle at truth level p7*" (i.e. calculated using in-
formation from the detector simulation) is computed as a dressed transverse momentum,
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i.e. the sum of the particle momenta plus particle momenta from subsequent produced
secondary particles (for instance, particles radiated through bremsstrahlung or photon
conversions)!. This sum takes place from the beginning of the detector simulation up to
the final state. Only truth information on the mother particle and best-matched electron
to the reconstructed track in the final state are available at the PxAOD level. The true
charge of the reconstructed electrons is needed to identify charge misidentification in the
detector simulation. This true charge is inferred from the sign of the PDGID of the par-
ticle at generation level firstEgMotherPdgID, which is different from the reconstructed
charge obtained from the track reconstruction in case charge misidentification occurs.
Following the criterion in [92], charge misidentification for an electron traversing the AT-
LAS detector (also referred to as charge flip) is identified at truth level using the expression

recoCharge X firstEgMotherPdgID > 0, (B.1)

with recoCharge being the variable identifying the reconstructed charge from the track
curvature and firstEgMotherPdgID = +11 identifying the mother particle seeding the
detector simulation as electron (+11) or positron (-11). Since the signs of firstEgMotherPdgID
and recoCharge are opposite for electrons and positrons, the product between them for
a wrongly reconstructed charge is positive. The definition of charge flip given in Eq (B.1)
stands for particles with antiparticle partner, as expected. Neutral particles have positive
PDG IDs [15]. Therefore, the charge misidentification for electrons produced from neutral
particle decays at generator level will be assigned when a positron is reconstructed, with
correct reconstruction being found for electrons. For these cases, the definition of charge
misidentification is therefore not well defined. Their contributions to charge misidentifi-
cation phenomena need to be treated separately.

Track variables are extracted from the xAOD::TrackParticle container within the
PxAQOD samples. Charge misidentification is fundamentally caused only by detector im-
perfections. Consequently, no considerable differences among either Monte Carlo gener-
ators or physical processes (Z boson decays, tf, J/1), ...) are expected?.

For the studies on charge misidentification sources presented in Section 6.3.3, The
contribution from FSR-induced electrons and other background processes is removed by
introducing the following selection [92] to avoid the influence in charge misidentification,

TruthType == 2 || (TruthOrigin == 5 && |FirstEgMotherPdgID|== 11). (B.2)
The factor TruthType == 2 keeps prompt electrons while the second factor allows to
select any reconstructed particle originated after photon conversion (TruthOrigin == 5)

that was originally seeded into the detector simulation as an electron (| FirstEgMotherPdgID|==
11). The described methodology is applied to produce kinematic distributions for charge
misidentified and correctly reconstructed electrons. Comparisons on these distributions

are presented in the Section 6.3.2.

Correctly identified electrons in the final state that have been produced from Z bo-
son decays are referred to as prompt electrons. These can be characterized in the final

'The truth pr defined here is a priory different from the generated pr corresponding to the transverse
momentum of the electron at generation level in Monte Carlo. Their values are assumed to be identical.

2Sources of charge misidentification such as FSR radiation do depend on the used generator. However,
their influence in charge misidentification will be proven to be small.



96 APPENDIX B. ADDITIONAL MATERIAL ON STUDIES OF CHARGE MISID SOURCES

[ Electron type [ Charge flip (Eq (B.1)) [ firstEgMotherTruthType [ firstEgMotherTruthOrigin [ TruthType [ TruthOrigin ]
Prompt False 2 13 2 13
~y conv False 2 13 4 5
Charge misID ~ conv True 2 13 4 5
Charge misID Prompt True 2 13 2 13
FSR — — — — 40

Table B.2: Values of FirstEgMotherTruthType and FirstEgMotherTruthOrigin, TruthType and
TruthOrigin used for the electron categories identified in truth studies with Z — ee Madgraph MC of
charge misidentification. Values for FirstEgMotherTruthType and FirstEgMotherTruthOrigin for FSR-
tagged electrons are selected with only the TruthOrigin requirement.

state at the truth level by requiring an isolated electron coming from a Z boson de-
cay TruthType==2 and TruthOrigin==13. The same values need to be applied on the
mother particle initiating the detector simulation, i.e. firstEgMotherTruthType==2 and
firstEgMotherTruthOrigin==13 (see Table B.1). The charge is required to be correctly
reconstructed by applying Eq (B.1). Charge misidentification in prompt electrons is set
in the same way as the prompt electrons but requiring charge flip after reconstruction
using Eq (B.1). This source will be denoted as charge misidentified prompts (or charge misID
prompts).

Reconstructed electrons from photon conversions (labeled also as charge misID -y conver-
sions) will be described by selecting background electrons arising from this process, i.e.
setting TruthType==4 and TruthOrigin==5 at truth level. In order to properly require
charge flip, an isolated electron with Z boson decay as origin is demanded for the mother
particle by applying firstEgMotherTruthType==2 and firstEgMotherTruthOrigin==13.
The charge can also be correctly reconstructed after photon conversions. By imposing
charge flip using Eq (B.1), both cases will be referred to as charge misidentified photon
conversions or photon conversions, respectively.

Definition of FSR electrons at truth level is characterized by the requirement TruthType==40
and TruthOrigin==40, i.e. the reconstructed electron arises from a non-isolated photon
through FSR radiation. Since the PDG ID does not provide information on the charge of
the mother particle for these, both electrons involving charge flip and correct reconstruc-
tion according to Eq B.1 will be considered in this group.



Appendix C

Additional distributions on charge
misidentification background
estimation

C.1 Scale factors for charge misidentification probabilities used
in the 2015-2016 analysis
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Figure C.1: Scale factors applied in the previous analysis using the 36.1 fb~" dataset recorded in 2015-
2016 for the computation of charge misidentification probabilities, as defined in (7.1). The distributions are
presented for wrongly reconstructed electron charges (a) and correctly reconstructed charges (b) along with
systematic uncertainties. These scale factors are only available up to 145 GeV. Taken from [91].

C.2 Comparisons of the charge misidentification data-driven back-
ground estimation with respect to the previous analysis.

Data and MC samples from the published analysis dataset processes to produce the back-
ground yield in the Z window control region and in the signal region. Using both the
implementation and the source code from [91], the cutflows are compared for data and
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the charge misidentification background yield along the different cut stages. Identical
cutflows were achieved on both setups. Right after the match, the randomization pro-
cedure for the energy correction is corrected. While the correction of pr was applied on
both leading (¢y) and subleading (¢1) leptons when the subleading lepton was chosen
by the randomization procedure presented in Section 7.1 on the results from [91], only
the chosen electron is corrected after these modifications. The agreement between data
and the charge misID background estimation is found to improve for the pr distributions
after these considerations. Comparisons are presented in Figures C.2 and C.3.
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Figure C.2: Comparisons of the n distribution for leading (¢o) and subleading (¢1) leptons after modi-
fications on energy correction (right) respect to the estimation in [91] (left). The same PxAOD samples in
Release 20.7 from the previous analysis are used in both configurations. FSR electrons were not removed for
these results, following the procedure in Ref. [91]. Therefore, they were also included for the distributions
of charge misidentification probabilities and energy correction parameters.
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Figure C.3: Comparisons of the pr for leading (£o) and subleading (¢1) leptons and their invariant mass
myg distributions after modifications on energy correction (right) respect to the code from [91] (left). The
same PxAOD samples in Release 20.7 from the previous analysis are used in both configurations. FSR elec-
trons were not removed for these results, following the procedure in Ref. [91]. Therefore, they were also
included for the distributions of charge misidentification probabilities and energy correction parameters.
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C.3 tt tests in MC

[ ee ] mcl6a [raw] [ mcl6d [raw] [ mcl6e [raw] [ run2 [raw] ]
ttbarSS 93.2 £ 1.9 [2479] 116.7 £ 2.2 [3126] 155 £ 3 [4108] 365 4 4 [9713]
ttbarOS | 88.5 0.3 [435834] | 1034 + 03 [510077] | 137.2 + 0.3 [670680] | 329.0 £ 0.5 [1.61.10°]

% 51420 91407 8.0+ 0.6 72+04
[ em ] mcl6a [raw] [ mcl6d [raw] [ mcl6e [raw] [ run2 [raw] ]
ttbarSS 572 £+ 5[14963] 728 + 5 [19496] 955 + 6 [25234] 2250 + 10 [59693]
ttbarOS | 552.9 & 0.8 [2.67-10%] | 661.4 &+ 0.9 [3.23-10%] | 878.6 & 1.0 [4.24-10°] | 2092.8 + 1.5[1.02-107]
% 34408 91407 8.0+ 0.6 7194+ 04
[ me ] mclé6a [raw] [ mcl6d [raw] [ mclé6e [raw] [ run2 [raw] |
ttharss 293 + 3 [7755] 370 + 4 [9884] 481 £ 4[12805] 1144 £ 7 [30444]
ttbarOS | 279.5 + 0.4 [2.40-10°%] | 334.0 + 0.5 [2.86-10%] | 444.1 + 0.5[3.75-10%] | 1057.5 £ 0.9 [9.01-10%]
% 484+1.2 9.74+1.0 77+09 7.6 £0.6

Table C.1: Integrated number of events for OS and SS event selections in the Z window CR along different
MC campaigns mclé6a (corresponding to 2015-2016 dataset), mc16d (corresponding to 2017 dataset), mcl6e
(2018 dataset), and full run-2 (2015-2018 dataset) for the closure test using ¢t MC in the ee, ey and pe channels.
The requirement |m.. — mz| < 15 GeV is not applied. The raw number of events is included in squared
brackets. The deviation between both selections is shown in percentage on the third row, whose uncertainty
is propagated from the statistical uncertainties of the yields.
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C.4 Scale factors for the ECIDS tool
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Figure C.4: Scale factors for TightLH and Gradient isolation electrons using the ECIDS for correctly (a)
and wrongly (b) identified electron charges [68].
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Figure C.5: Statistical uncertainties on the scale factors for TightLH and Gradient isolation electrons using
the ECIDS for correctly (a) and wrongly (b) identified electron charges [68].
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Figure C.6: Total systematic uncertainties on the scale factors using the ECIDS selection for TightLH and
Gradient isolation electrons using the ECIDS for correctly (a) and wrongly (b) identified electron charges
[68].



104 APPENDIX C. ADDITIONAL DISTRIBUTIONS

% 3; % 3;
2-5; 2.5;
zf Zf
1.5f [ 1.5f
c I 1 ] E [ N
0.5 0.5
0 0
—05 - -05F 7
B T BT R T NN TN R T T I RN NS TN N
P, [GeV] P, [GeV]
(@0<|n <05 () 0.5 < || < 0.75

of— ol
N TN ARV ATRTAVIVIN ATATAVIN NSTATATE IVAVIVITN IVIATIN WA I N VTN ATV ATRTAVINN ATAVIVN NAATATE IVAIVATE IVIITAS WA I
100 200 300 400 500 600 700 800 999 100 200 300 400 500 600 700 800 909

P [GeV] P, [GeV]

() 0.75 < |n| < 1.05 (d)1.05 < || < 1.25

z
= [
2 1Y
=
1]
09
[ ‘ \ 0.8
rh |
‘ 0.6
05
04— n
: e SFs_ECIDS (stat [ 5ys) 04 :7 = SF5_ECIDS (stat [] sys)
027 || | | | | | | | | E | | | | | | | |
100 200 300 400 500 600 700 800 Q%ql 100 200 300 400 500 600 700 800 Q%Q]
P, [GeV] P, [Gev]
(e) 1.25 < |n] < 1.37 (f) 1.52 < |n| < 1.62

Figure C.7: Comparisons of the scale factors provided for TightLH electron identification and Gradient
isolation with (red) and without (blue) the use of the ECIDS tool in different n bins for || < 1.62. The
binning of the scale factors without ECIDS label the plots. The comparison is done respect to the closest bin
in |n| for the ECIDS scale factors. The sum in quadrature of statistical and systematic uncertainties is shown.
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Figure C.8: Comparisons of the scale factors provided by the Egamma CP group for TightLH electron

identification and Gradient isolation with (red) and without (blue) the use of the ECIDS tool in different n
bins for 1.62 < |n| < 2.5. The binning of the scale factor distributions without the use of the ECIDS tool label
the plots. The comparison is done respect to the closest bin in || for the ECIDS scale factors. The sum in
quadrature of statistical and systematic uncertainties is shown.
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C.5 Comparison of charge misidentification probabilities in dif-
ferent MC campaigns
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Figure C.9: Comparison of charge misidentification probabilities for mcl6a (shown in blue), mcl6d
(shown in red) and mcl6e (shown in green) Monte Carlo campaigns along with distributions for the full
Run 2 set (black) for pseudorapidity bins within 0 < || < 1.9. The distributions were computed by exploit-
ing the truth information in Z — ee Madgraph Monte Carlo samples. Reconstructed electrons originated
from FSR were removed for the computation and the scale factors shown in Figure 7.1 were applied. Only
statistical uncertainties are shown. The region 1.37 < |n| < 1.52 is not considered.
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Figure C.10: Comparison of charge misidentification probabilities for mcl6a (shown in blue), mcl6d
(shown in red) and mcl6e (shown in green) Monte Carlo campaigns along with distributions for the full
Run 2 set (black) for pseudorapidity bins within 1.9 < |n| < 2.5. The distributions were computed by
exploiting the truth information in Z — ee Madgraph Monte Carlo samples. Reconstructed electrons origi-
nated from FSR were removed for the computation and the scale factors shown in Figure 7.1 were applied.
Only statistical uncertainties are shown.
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C.6 Systematic variations on charge misidentification probabil-

ities
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Figure C.12: Systematic variations on the scale factors on the charge misidentification probabilities for the
full Run 2 sample in pr bins within pr > 60 GeV. Reconstructed electrons originated from FSR were re-
moved for the computation and scale factors shown in Figure 7.1 were applied. Only statistical uncertainties
are shown. The region 1.37 < |n| < 1.52 is not considered.
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C.7 Comparison of charge misidentification probabilities in dif-
ferent MC campaigns using ECIDS
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Figure C.13: Comparison of charge misidentification probabilities for mcl6a (shown in blue), mcl6d
(shown in red) and mc16e (shown in green) Monte Carlo campaigns along with distributions for the full Run
2 set (black) for pseudorapidity bins within 20 < pr < 60 GeV after the ECIDS selection. The distributions
were computed by exploiting the truth information in Z — ee Madgraph MC samples. Reconstructed
electrons originated from FSR were removed for the computation and the scale factors shown in Figure C.4
were applied. Only statistical uncertainties are shown. The region 1.37 < |n| < 1.52 is not considered in the
analysis.
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Figure C.14: Comparison of charge misidentification probabilities for mcl6a (shown in blue), mcl6d
(shown in red) and mclée (shown in green) Monte Carlo campaigns along with distributions for the full
Run 2 set (black) for pseudorapidity bins within pr > 60 GeV after the ECIDS selection. The distributions
were computed by exploiting the truth information in Z — ee Madgraph MC samples. Reconstructed
electrons originated from FSR were removed for the computation and the scale factors shown in Figure C.4
were applied. Only statistical uncertainties are shown. The region 1.37 < |n| < 1.52 is not considered in the
analysis.
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C.8 Systematic variations on charge misidentification probabil-
ities using ECIDS
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Figure C.15: Systematic variations on the scale factors for the computation of the charge misidentification
probabilities using the full Run 2 sample in pr bins within 20 < pr < 60 GeV. Reconstructed electrons
originated from FSR were removed for the computation and the scale factors shown in Figure 7.1 were
applied. Only statistical uncertainties are shown. The region 1.37 < |n| < 1.52 is not considered.
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Figure C.16: Systematic variations on the scale factors on the charge misidentification probabilities for
the full Run 2 sample in pr bins within pr > 60 GeV. Reconstructed electrons originated from FSR were
removed for the computation and the scale factors shown in Figure 7.1 were applied. Only statistical uncer-
tainties are shown. The region 1.37 < |n| < 1.52 is not considered.
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C.9 Additional distributions for the ¢ test in MC using ECIDS

e

[ mcléa [raw]

[

mcl6d [raw]

[

mclé6e [raw] [

run2 [raw]

ttbarSS 12.4 + 0.7 [330] 15.9 + 0.8 [423] 17.9 + 0.9 [478] 46.2 £ 1.4 [1231]
ttbarOS | 10.40 & 0.03 [436321] | 11.99 & 0.04 [506800] | 16.01 & 0.04 [665734] | 38.40 & 0.07 [1.60x10°]
% 16.1 £ 4.7 247 £38 105 £ 4.3 169 £25
[ em ] mcl6a [raw] [ mcl6d [raw] [ mclé6e [raw] [ run2 [raw]
ttbarSS 115.9 £ 2.2 [3021] 149.7 £ 2.5 [4023] 197 £ 3 [5203] 463 + 4 [12247]
ttbarOS | 115.7 + 0.2 [2.63x10°] | 137.9 £ 0.3 [3.18x10°] | 183.7 £ 0.2 [4.17x10%] | 437.4 + 0.4 [9.99x10%]
% 0.18 + 1.88 78+15 67+ 14 54409

[ me ] mcl6a [raw] [ mcl6d [raw] [ mcl6e [raw] [ run2 [raw] ]
ttbarSS 36.8 + 1.2 [967] 472 + 1.4[1249] 59.5 + 1.6 [1581] 143.6 £ 2.4 [3797]
ttbarOS | 32.3 £0.1[2.39x10°] | 38.4 £ 0.1[2.85x10°] | 51.1 + 0.1 [3.74x10°] | 121.8 £ 0.1 [8.98x10°]

%

12+£3

185+24

141+23

152+15

Table C.2: Integrated number of events after the ECIDS selection for OS and SS event selections in the
Z window CR along different MC campaigns mcl6a (corresponding to 2015-2016 dataset), mc16d (corre-
sponding to 2017 dataset), mc16e (2018 dataset), and full run-2 (2015-2018 dataset) for the closure test using
t¢ MC in the ee, ey and pe channels. The requirement [me. — mz| < 15 GeV is not applied. The raw number
of events is included in squared brackets. The deviation between both selections is shown in percentage on

the third row, whose uncertainty is propagated from the statistical uncertainties of the yields.
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