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Jack Kerouac, On the Road





Abstract

Measurements of the production of W boson pairs through vector boson scattering are a vital
test for the electroweak sector of the Standard Model (SM) and the mechanism of the electroweak
symmetry breaking. They could detect small deviations from the predictions through which new
physics could manifest itself. In the SM the couplings of the gauge bosons among themselves and
with the Higgs boson are precisely balanced such that divergences in theWW scattering amplitude
are avoided, and small deviations from the predictions could lead to significant effects.
This thesis presents the first measurement with the ATLAS detector at the LHC of the electroweak
production of two W bosons with the same electric charge, in the signature with two charged
leptons, missing transverse energy and two jets. The process is observed for the first time at
ATLAS with a significance of 6.5σ using data recorded in proton-proton collisions at

√
s = 13 TeV

corresponding to an integrated luminosity of 36.1 fb-1, and its cross section in a defined fiducial
phase space is measured to be σfidmeas = 2.89

+0.51
−0.48(stat)

+0.29
−0.28(syst) fb.

The requirement of two same-charge W bosons leads on one hand to a better suppression of
background processes, among them the WW production induced by the strong interaction. On the
other hand it is experimentally more challenging due to the contributions from opposite-charge
dilepton production, where the charge of one electron is wrongly reconstructed. This thesis details
the estimation of this background, whose contribution in the signal region kinematic phase space is
determined with a relative uncertainty of 15%.
A precise estimation of this background requires a good knowledge of the probability of recon-
structing an electron with the wrong charge sign. A measurement of this quantity is presented in
this thesis, and the probabilities vary from less than 1% to about 10% for increasing transverse
momentum and pseudorapidity of the electrons. Correction factors are provided for the modelling of
this effect in simulation, which deviate from unity by up to 30% for wrongly reconstructed electrons,
and are determined with relative systematic uncertainties between 2% and 20%.
The contained amount of data limits the precision and sensitivity of the measurement. However,
vector boson scattering is one of the most favourable ways to assess clues on the theoretical
extension of the SM in a model independent way, and larger datasets at higher energies will
make the inner mechanism of the electroweak symmetry breaking and possible new physics more
accessible.
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Kurzzusammenfassung

Messungen der Produktion von W -Bosonpaaren durch Vektorbosonstreuuung stellen einen uner-
lässlichen Test des elektroschwachen Sektors des Standard Models (SM) sowie des Mechanismus der
elektroschwachen Symmetriebrechung dar. Sie könnten kleine Abweichungen von den Vorhersagen
aufdecken, durch die sich neue Physik manifestieren könnte. Im SM werden Divergenzen in der
WW -Streuamplitude durch eine feine Abstimmung der Kopplungen der Eichbosonen untereinander
sowie mit dem Higgsboson vermieden. Kleine Abweichungen von der Vorhersage könnten deutliche
Auswirkungen haben.
Diese Dissertation präsentiert die erste Messung der elektroschwachen Produktion zweier W -
Bosonen gleicher elektrischer Ladung mit dem ATLAS Detektor am LHC. Die Messung basiert
auf der Signatur mit zwei geladenen Leptonen, fehlender transversaler Energie und zwei Jets.
Mithilfe eines Datensatzes von Proton-Proton-Kollisionen, der bei einer Schwerpunktsenergie von
√
s = 13 GeV aufgenommen wurde und einer integrierten Luminosität von 36,1 fb-1 entspricht,

wird der Signalprozess mit einer Signifikanz von 6,5σ nachgewiesen. Der Wirkungsquerschnitt
in einem vordefinierten, den experimentellen Gegebenheiten angepassten Phasenraum wird zu
σfidmeas = 2.89

+0.51
−0.48(stat)

+0.29
−0.28(syst) fb gemessen.

Die Forderung zweier gleichgeladener W -Bosonen unterdrückt einerseits Untergrundprozesse wie
eine durch die starke Wechselwirkung induzierteWW Produktion. Andererseits ist sie aufgrund von
Beiträgen durch die Produktion ungleichgeladener Leptonen, bei der die Ladung eines Elektrons
fehlerhaft rekonstruiert wird, experimentell herausfordernd. Diese Arbeit führt die Abschätzung
dieses Untergrundes aus, dessen Beitrag in der Signalregion mit einer relativen Unsicherheit von
15% bestimmt wird.
Eine präzise Abschätzung dieses Untergrunds erfordert eine gute Kenntnis darüber wie wahrschein-
lich ein Elektron mit falschem Ladungsvorzeichen rekonstruiert wird. Dies wird in der vorliegenden
Arbeit untersucht, wobei die gemessenen Wahrscheinlichkeiten von unter 1% bis zu etwa 10%
variieren und mit steigendem Transversalimpuls der Elektronen sowie mit ihrer Pseudorapidität
zunehmen. Korrekturfaktoren für die Modellierung der Ladungsrekonstruktion in der Simulation
werden zur Verfügung gestellt. Diese weichen für fehlerhaft rekonstruierte Elektronen um bis zu
30% von eins ab und werden mit relativen systematischen Unsicherheiten von 2% bis 30% bestimmt.
Die Größe des genutzten Datensatzes limitiert die Präzision und die Sensitivität der Messung.
Allerdings stellt Vektorbosonstreuung eine der vorteilhaftesten Wege dar Hinweise auf theoretische
Erweiterungen des Standardmodells in einer modellunabhängigen Art aufzuspüren, und größere
Datensätze bei höheren Energien werden den Kern der elektroschwachen Symmetriebrechung und
mögliche neue Physik besser zugänglich machen.
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1 Introduction

Over the last decades experiments have put the descriptive and predictive power of the Standard
Model (SM), the theory of fundamental interactions among elementary particles, to numerous
stringent tests. The successful structure of the SM describes the electromagnetic, weak and strong
fundamental forces as mediated by gauge vector bosons. These emerge to preserve gauge sym-
metries which are imposed in the model. The electroweak gauge vector fields Z, W+, W− and
γ are predicted to self-interact due to the non-Abelian nature of their symmetry group structure
SU(2)L×U(1)Y . The Z and W± bosons acquire mass via the mechanism of spontaneous symmetry
breaking, which is incorporated in the SM by introducing scalar fields with a specific potential term.
The consequence is a physical Higgs boson.
The fortune of the SM is spoilt by phenomena like the baryon-antibaryon asymmetry in the Universe
or the presence of dark matter, which do not find explanations within its framework. Any deviation
from the SM predictions might indicate the direction for its completion. This is the foundation of
the Large Hadron Collider at CERN, conceived to push the limit of our current understanding of
fundamental interactions and to reveal their potential unexpected behaviour. By analysing data from
proton-proton collisions collected by detectors like ATLAS [1], the SM predictions can be challenged,
and to this end the electroweak sector is one of the key fields from the start on. The luminosity
delivered at centre-of-mass energies never achieved in previous experiments, in particular during
Run2 when 139 fb-1 of data has been collected at

√
s = 13 TeV, launched a new era in particle

physics for probing the inner electroweak anatomy and its spontaneous breaking mechanism.
A favoured way to do this is through detailed measurements of so-called Vector Boson Scattering
(VBS) processes, which refers to interactions where partons from colliding protons emit gauge
bosons interacting with each other and create a forward-backward, high-mass two-jets system.
The emitted bosons interact not only via triple and quartic couplings making VBS processes a test
for multi-boson interactions, but also through the Higgs boson. In particular, the scattering of
longitudinally polarised W bosons plays a central role in testing the Higgs boson’s action in the
SM. In fact, the W bosons scattering cross section would grow with the centre-of-mass energy if
diagrams involving the Higgs boson, with couplings as predicted by the SM, would not restore
unitarity by cancelling the divergences.
Final states like those of VBS can also be produced in other electroweak processes which are not
separable from the genuine VBS diagrams without breaking the gauge invariance. Processes that
involve the strong interaction at leading order can lead to the same final state, and their impact in
analyses can only be reduced through dedicated selection criteria that exploit the different preferred
kinematic topologies for the electroweak processes and those with the strong contributions.
The quantity of diagrams involved in VBS processes brings along difficulties for the theoretical
calculations, making precise predictions complex to achieve. The VBS processes are challenging
for experiments as well, due to the low cross-sections compared to other SM processes and the
complex final states which require a precise understanding of background process. In this scenario,
the study of the scattering of two W bosons with the same electric charge is favoured, because
the contributions of diagrams that include strong vertices at leading order are suppressed with
respect to the electroweak-induced ones, and the number of diagrams involved is limited by the
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1. Introduction

same-charge requirement. Furthermore, other background processes that produce opposite-charge
lepton signatures, like tt̄ , W+W− or Z→ ττ , are suppressed more efficiently.
Indeed, the pp→W±W±j j → `±ν`±νj j was the first VBS process whose evidence of 3.6σ over
background-only expectation was reported by the ATLAS experiment in proton-proton collisions at
a centre-of-mass energy

√
s = 8 TeV with 20.8 fb-1 of data [2]. The CMS Collaboration presented

a 2.0σ excess in a similar 8 TeV study [3]. Both ATLAS and CMS [4] Collaborations observed the
process in Run2 at

√
s = 13 TeV, and the ATLAS measurement is documented in this thesis and has

been published in Ref. [5]. The selection is optimised in order to increase the expected significance
of the signal process over the background, and the measurement of its fiducial cross section is
performed with a maximum likelihood fit methodology.
One of the most arduous backgrounds to control in same-charge signatures arises from the charge
misidentification of electrons. The charge misidentification probability is generally small, but
processes producing opposite-charge leptons have a much higher cross section than the signal, and
can therefore yield a large amount of events passing the same-charge requirement if one electron
is wrongly reconstructed.
In order to estimate the contribution of this background, it is necessary to precisely measure the
probability of reconstructing the wrong electric charge of electrons and to apply corrections to
the simulation to adequately model this effect. The measurement of the probabilities of charge
misidentification is presented in this thesis and has been published in Ref. [6]. The results of this
measurement have been provided to the whole ATLAS Collaboration.
The theoretical framework of the SM is outlined in Chapter 2, where VBS processes are also discussed.
The event simulation techniques are presented in Chapter 3. A description of the ATLAS detector is
given in Chapter 4, and Chapter 5 is dedicated to object reconstruction techniques. In Chapter 6
the measurement of charge misidentification probabilities is detailed and the optimisation of the
event selection for the W±W±j j analysis is described in Chapter 7. Chapter 8 is dedicated to the
estimation of background processes and the analysis results are presented in Chapter 9. Finally, a
summary is given in Chapter 10.

2



2 Theoretical Framework

The Standard Model (SM) of particle interactions is a unified framework able to describe and provide
predictions on three out of four fundamental forces that act among elementary particles, the
electromagnetic, the weak and the strong interaction, not accounting for gravity. The construction
of the SM has been an extraordinary success of the interplay of theory and experiment, which
played complementary roles in formulating the model that emerged in the shape that we know
today. The former constructed a solid theoretical basis respecting the needed requirements for
a descriptive and predictive quantum field theory, and was constantly challenged by the new
experimental discoveries over the last decades. The result is a renormalisable, non-Abelian gauge
theory of quantum fields, based on the symmetry groups SU(3)C×SU(2)L×U(1)Y . The SM can be
constructed using a few guiding principles. The most important are its particles content, its external
and internal symmetries, such as the Lorentz and gauge invariance, the first rigid and exact, the
second local and spontaneously broken, and the requirement of renormalisability strictly linked to
the dimension of the allowed operators. The SM particle constituents are described in Section 2.1,
while Section 2.2 offers a brief overview of the theoretical structure of the electroweak (EW) and
Quantum Chromodynamics (QCD) sectors. In Section 2.3 the mechanism of electroweak symmetry
breaking is discussed in its application to the SM. The discussion is mainly based on [7–10], while a
useful review is offered in [11]. A phenomenological overview on the Vector Boson Scattering (VBS)
processes is given in Section 2.4, with a focus on the scattering of W bosons.

2.1 Particle Content

The SM elementary particles consist of twelve fermions and twelve vector bosons, having half-
integer and integer spin respectively, and one scalar boson. Fermions are organised in three
generations, each one including two quarks and two leptons, and are organised based on the
symmetry group of the Weak Isospin. This does not conserve parity symmetry, therefore, fermions in
each generation occupy states of different chiralities, where left-handed states form a doublet and
right-handed states a singlet.
The underlying symmetries imply conservation of the quantum numbers, or charges, related to them.
Quantum numbers characterise the particles, together with their spin and mass. The three fermion
generations have identical quantum numbers but different masses. The third component of the weak
isospin I3 is related to the two other quantum numbers of hypercharge Y and electromagnetic charge
Q, deriving from the underlying symmetry groups SU(2)L×U(1)Y , with the Gell-Mann Nishijima
relation

Q= I3+Y/2. (2.1)

The four fermions in each family are distinguished by their charges under strong and electromagnetic
interactions. Quarks are the only fermions charged under the strong interaction. They are organised
in triplets of the SU(3)C group carrying red, green or blue charge, while leptons live in colour neutral
singlets. Left-handed quarks are organised in up-type, up u, charm c and top t with I3 = +1/2, and
down-type down d , strange s and bottom b with I3 = -1/2. They carry electric charge +2/3 and -1/3

3



Symmetries of the Standard Model Lagrangian 2. The Standard Model

Table 2.1: Quantum numbers of leptons and quarks in the Standard Model. The indices L and R refer to
the left-handed chirality of the doublets and the right-handed chirality of the singlets.

Table 2.2: Properties of gauge bosons in the Standard Model.

Boson Interaction Mass [GeV] Symmetry gauge Charge

γ EM 0
SU(2)L×U(1)Y

Q

W±
weak

80.4 [12]
I3

Z 91.2 [12]
g strong 0 SU(3)C colour

respectively. Left-handed lepton doublets are composed by the electron e, the muon µ and the
tau τ which carry electromagnetic charge -1 and occupy the down I3 = -1/2 state. Up-type leptons
are the neutrinos, which have neither electric nor colour charge, hence they participate in the SM
interactions only in their left-handed component. The quantum numbers of quarks and leptons are
listed in Table 2.1.
Forces between fermions are mediated by spin-1 particles, gauge bosons, which derive from the
generators of the symmetry groups. The photon γ mediates the electromagnetic interaction, the
eight gluons g the strong, while the Z andW± bosons the weak interaction. The Z and the charged
W bosons correspond to a linear combination of the SU(2)L×U(1)Y group generators, and acquire
mass thanks to the spontaneous breaking of the electroweak symmetry. This mechanism is related
to the only scalar elementary particle in the SM known up to now, the Higgs boson. Gauge bosons
properties are summarised in Table 2.2.

2.2 Symmetries of the Standard Model Lagrangian

The SM is a quantum field theory, i.e. the class of theories that emerged from the combination of
special relativity and quantum mechanics. This means that quantum-mechanical single-particle
wave functions are turned into fields intended as operators obeying canonical commutation relations.
The SM makes use of the Lagrangian formalism, where monomials in the values of the fields and
their derivatives are summed up to form a Lagrangian L that describes the full dynamics of the
fields.

4



2. The Standard Model Symmetries of the Standard Model Lagrangian

The electroweak sector The free propagation of a spin-1/2 particle field ψ is described by the
Dirac Lagrangian1

LDirac = ψ̄ (iγµ∂µ−m)ψ, (2.2)

where γµ (µ= 0,...,3) are the four Dirac matrices and ψ is a four-component field. The Lagrangian is
invariant under Lorentz transformations. Besides global transformations that relate physically in-
equivalent states, other symmetries are required, which relate equivalent field configurations whose
redundancy should be factored out. These are gauge symmetries. The Lagrangian is invariant under
global U(1) transformation, but in order to respect the invariance under local gauge transformation
of the fields

ψ(x)→ e iα(x)ψ(x), (2.3)

the derivative must be replaced with its covariant formulation

Dµ ≡ ∂µ+ ieAµ. (2.4)

The newly introduced Aµ is a gauge vector field, that transforms as

Aµ→ Aµ−
1

e
∂µα(x). (2.5)

A kinetic term can be built in terms of gauge invariant quantities, such as the electromagnetic field
tensor Fµν = ∂µAν−∂νAµ. The Lagrangian is hence written as

LQED = ψ̄
(
i /∂−m

)
ψ−

1

4
(Fµν)2− ψ̄eγµAµψ, (2.6)

with /∂ = ∂µγ
µ. The Eq. (2.6) is the Lagrangian of Quantum Electrodynamic (QED) that describes the

interaction between the electron with electric charge e and the photon, i.e. the gauge vector boson
Aµ and accounts for nearly all observed phenomena for macroscopic scales down to 10−13 cm [7].
The quantity ψ̄eγµψ = Jµ is the conserved Noether current associated to the U(1) symmetry and
accounts for the interaction between fermions with electric charge e and the boson Aµ.

Gauge invariance is hence related to charge conservation, besides being the basis of the QED
Lagrangian itself. Furthermore, it motivates the absence of the photon mass, since the LQED
invariance would fail by inserting a mass term for the boson.

The great success of QED as a gauge theory motivates the extension of the model to describe other
interactions, like the weak force. This force was proved by experiment to maximally violate parity
symmetry, such as the measurement of the asymmetry in the angular distribution of the decay
products in β− decays, from Chien-Shiung Wu [14]. Therefore the Dirac spinors need to be split
into left- and right-handed components

χL =

(
νL
`L

)
and

(
uL
dL

)
, χR = `R and uR,dR (2.7)

1Natural units are used throughout this thesis, which implies h̄ = 1, c = 1. The respective values in SI unites are
h̄ = 1.055·10-34 Js and c = 2.998·108 m/s [13].
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Symmetries of the Standard Model Lagrangian 2. The Standard Model

each one being an irreducible representation of the Lorentz group, and never interacting with each
other. The Fermi four-fermion interaction theory that described the weak interaction by an effective
coupling GF and the product of two currents, included indeed left-handed fields only. The prove of
the non-renormalisability of the Fermi theory pushed the theoretical effort towards a formulation
of a gauge theory of weak interaction. Indeed, renormalisability is the real rationale behind the
formulation of any theory that wants to provide predictions for physical observables.
The two currents can be written in terms of

J+µ = 2χ̄LγµT
aχL and J−µ = 2χ̄LγµT

bχL, (2.8)

where T a,b are two matrices accounting for the interaction between the left-handed doublets. They
are the two generators of a symmetry group forming a Lie algebra, obeying to the commutation
relations [T a,T b] = i εabcTc , with εabc being the antisymmetric tensor. A third current related to Jcµ
can hence be interpreted as one of the three conserved currents of an SU(2) gauge symmetry, as
T a = 1/2τa, with τa, (a = 1,2,3) the Pauli matrices, generators of SU(2). It is a neutral weak current
that was not accounted for in the Fermi theory. It can not be identified with the electromagnetic
current, since this relates electrically charged fields and connects not only left-handed but also
right-handed states.
Following the flow of QED, a model based on gauge symmetry groups can be built. In order
to obtain a chiral theory, the gauge invariance for the fields is required under SU(2)L and U(1)Y
transformations [15–17]

χL→ e iα(x)Ta+iβ(x)Y χL χR→ e iβ(x)Y χR. (2.9)

To maintain the invariance after the fields transformation, the derivative gets modified in the
covariant formulation as

Dµ = ∂µ− igW a
µT

a− ig′
Y

2
Bµ. (2.10)

The terms W a
µ , with a = (1,2,3) are the gauge vector fields associated to SU(2)L and Bµ the one

associated to the U(1)Y group, where Y and g′ are respectively generator and new coupling constant
of the introduced hypercharge symmetry group. The vector Aµ from the electromagnetic interaction
is an appropriate linear combination of the neutral W 3µ and Bµ, obtained by fixing the values for
Y so that the electron couples to the photon with the correct charge e, yielding to the Gell-Mann
Nishijima relation of Eq. (2.1).
The Lagrangian can be written for the fields χL and χR

LEW = i χ̄Lγ
µDµχL+ i χ̄Rγ

µDµχR−
1

4
BµνB

µν−
1

4
W a
µνW

µν
a (2.11)

includes the electromagnetic interaction in a unified description with the weak one, and completes
formally the gauge boson-fermion interactions in the fermionic electroweak sector. The Lagrangian
involving the Bµν and W a

µν terms is the one of the gauge sector

Lgauge =−
1

4
BµνB

µν−
1

4
W a
µνW

µν
a , (2.12)
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2. The Standard Model Symmetries of the Standard Model Lagrangian

where
Bµν = ∂µBν−∂νBµ and W a

µν = ∂µW
a
ν −∂νW a

µ +gεabcW
b
µW

c
ν . (2.13)

It generates triple and quartic bosonic couplings forW a
µ . The self-interactions among gauge bosons

of SU(2)L are a direct consequence of the non-vanishing commutator between the generators of the
group, which is defined non-Abelian. The interaction for the physic fields is obtained by defining

W±µ = 1√
2

(
W 1µ ∓ iW 2µ

)
Zµ = cosθwW

3
µ − sinθwBµ

Aµ = sinθwW
3
µ + cosθwBµ.

(2.14)

The last two equations are the rotations of the neutral fields and θw is the magnitude of the weak
angle responsible for the rotation. It can be written in terms of the coupling constants as

sinθw =
g′√
g2+g′2

cosθw =
g√

g2+g′2
,

and can be determined at leading-order by the masses of the W and Z bosons. The mass terms
in the Lagrangian as it is defined in Eq. (2.11) should be set to zero to maintain gauge invariance,
despite the experimental evidence of massive fermions and gauge bosons. The relation with θw
and the mechanism to introduce the needed mass terms will be clarified in Section 2.3.

Quantum Chromodynamics In order to find a categorisation for the hadrons appearing at colliders,
a model was proposed by Gell-Mann and Zweig that explained hadrons and mesons as composed by
elementary components, the quarks. Their multiplets structure would reproduce the ones of hadrons,
and they would be regulated by the SU(3) symmetry, the flavour symmetry. However, the wave
function of baryons did not reflect the correct symmetry required to obey the Fermi-Dirac statistic,
making the SU(3)-flavour description not satisfactory. The problem could be cured by an additional
quantum number with a totally antisymmetric function. This finds experimental evidences in the
high-energy annihilation of electrons and positrons, where the ratio of the production cross section
of hadrons compared to muons agrees with the experiments only assuming the existence of three
charges for each quark.

The most natural theoretical candidate is a non-Abelian gauge theory with gauge group SU(3)
coupled to quarks in the fundamental representation, with related conserved charge named
colour [18–20]. This derives from the usual requirement of gauge invariance of the Lagrangian for
the quark fields, belonging to the fundamental representation of SU(3), under the transformation

qi → e iα(x)
λa
2 qi . (2.15)

The generators of the group are eight 3×3 traceless matrices λa, which do not commute with each
other

[
λa

2 ,
λb

2

]
= f abc λ

c

2 . The needed covariant derivative implies as usual new vector fields, Gµ.
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Spontaneous Breaking of the Electroweak Symmetry 2. The Standard Model

They are eight gluons that transforms as

Gaµ→ Gaµ−
1

αs
∂µαa− fabcαbGcµ a = 1, ...,8 (2.16)

The Lagrangian has the form

LQCD =−
1

4
F aµνF

µνa +
∑
f

q̄if
(
iγµ(Dµ)i j −mf δi j

)
qjf (2.17)

where f is the flavour index, i , j the quark colour index and a the gluon colour index. The term

F aµν = ∂µG
a
ν −∂νGaµ+αsf

abcGbµG
c
ν (2.18)

contains the non-Abelian term αsf
abcGbµG

c
ν that makes the difference between QCD and QED and

describes the self-interaction of three or four gluons, which is given by the fact that they have the
colour charge and derives exclusively by the gauge invariance of the Lagrangian.

The Lagrangian includes kinetic terms for the gluons and the quarks, and terms for the quark-quark,
gluon-quark and three- and four-gluon interactions.

Divergences that arise when considering higher order process, ultraviolet divergences, are reab-
sorbed by renormalisation methods. They imply a definition of an energy scale on which the
parameters of the theory depend, the renormalisation scale µR, and an energy Q at which the
effective coupling can be measured. In particular the behaviour of the coupling constant with
the energy determines the conditions of validity of the perturbation theory. Due to the gluon
self-interactions, the effective coupling of QCD αs = αs(Q

2) increases at low energies, which im-
plies that the perturbative regime does not hold for lower energies, and quarks and gluons are
confined inside hadrons. The energy scale considered to separate the confinement state to the
asymptotic freedom that characterises the perturbative regime is ∼ 1 GeV, and the usual scale for αs
is considered the Z boson mass, for which αs(mZ) = 0.12 [12].

2.3 Spontaneous Breaking of the Electroweak Symmetry

The finite range of the weak force and experimental evidences required the need for terms in the
Lagrangian accounting for masses of the up-to-now massless fields. However, the vector bosonsW±

and Z and the fermions can not acquire mass by adding the term to the electroweak Lagrangian of
Eq. (2.11) without breaking the gauge invariance. For the same reason the mass terms for quarks in
Eq. (2.17) have to be dropped in order to maintain the gauge invariance. The masses for bosons and
fermions emerge by including the Brout-Englert-Higgs mechanism into the SM framework [21–24].
A potential is added, which maintains the invariance of the Lagrangian with respect to certain global
symmetries, which are broken in the sense that the solutions to the equations, i.e. the vacuum states,
are not symmetric anymore under those symmetries. For each global symmetry spontaneously
broken the theory will contain a massless boson which will couple to the gauge bosons of the
symmetry to provide them with an additional degree of freedom. The additional degree of freedom

8



2. The Standard Model Spontaneous Breaking of the Electroweak Symmetry

are the longitudinal polarisation states. Which and how many bosons will acquire mass depends
on the expression of the potential and the representation of the gauge group based on which the
scalar of the theory transforms. In the case of the non-Abelian electroweak model, three vector
bosons have to acquire mass, while one has to remain massless, the photon, i.e. the electric charge
has to leave the vacuum invariant. A potential is added

V (Φ) =−µ2|Φ|2+λ
(
|Φ|2

)2 (2.19)

that presents two parameters µ and λ. The latter has to be λ > 0 to preserve the stability of the
vacuum, while µ defines the shape of the potential. By choosing µ2 < 0 the potential has a set of
degenerate minima as ground states, which spontaneously break the initial symmetry. The potential
depends on a complex doublet

Φ(x) =

(
Φ+

Φ0

)
=

1√
2

(
Φ1+ iΦ2
v +H+ iΦ3

)
. (2.20)

By minimising the potential, the value of the field in the ground state is chosen as |Φ0| =
√
−µ2/2λ,

with v vacuum expectation value that defines the set of minima of the potential. An expansion
around the chosen ground state gives

Φ =

(
0

v +H(x)

)
, (2.21)

where H(x) is the physical field of the Higgs boson. The Lagrangian

LHiggs =−
1

4
FµνFµν + (DµΦ)† (DµΦ)−V (Φ) (2.22)

contains the couplings between Higgs and gauge bosons in its second term, while the potential
presents triple and quartic self-couplings of the Higgs boson, and the Higgs boson mass term
m2H = 2|µ|2 = 2λv2. From the interaction term (DµΦ)† (DµΦ) and using Eq. (2.14) the masses for
the W± and Z bosons emerge

m2W =
1

4
g2v2 m2Z =

1

4
(g2+g′2)v2, (2.23)

from which by exploiting the relation GF/
√

2 = g2/(2
√

2mW )2 it is possible to obtain the vacuum
expectation value v ≈ 246 GeV. The relation between the θw and the masses of the bosons finally
emerges from m2W /m

2
Z = g

2/(g2+g′2) = cos2 θw.

Fermion masses Mass terms for fermions would violate gauge invariance, therefore are generated
as well through the coupling to the Higgs field. The interaction term which is added has the form
of a Yukawa coupling LYuk = −λ`χ̄LΦχR with Φ a spinor with vacuum expectation as Eq. (2.21) and
χ̄L and χR the left-handed doublet and right-handed singlet from Eq. (2.7). This coupling term
preserves charge, isospin, hypercharge, baryonic number and the right dimension of the Lagrangian,
besides being Lorentz and Gauge invariant.

9



Vector Boson Scattering 2. The Standard Model

In case of charged leptons

LYuk, lep =−
λ`v√

2

(
¯̀
L`R + ¯̀

R`L
)
−
λ`√

2

(
¯̀
L`R + ¯̀

R`L
)
H, (2.24)

where the factors −λ`v√
2
≡m` are identified with the mass terms with ` = electron, muon, tau. The

absence of the right-handed neutrino implies a vanishing mass term for the left-handed neutrino.

Similarly, the Yukawa interaction can be written for quarks considering interaction eigenstates in
left-handed doublet Q′ fL and right-handed singlets u

′ f
R and d

′ f
R

LYuk, q =−
λdv√

2
d̄ ′ fL d

′ f
R −

λuv√
2
ū′ fL u

′ f
R +h.c., (2.25)

where f stands for a specific flavour. When more than one generation is introduced an additional
coupling term can mix them. However, it is possible to diagonalise the Higgs couplings by choosing
a new basis for the quark fields, where the two bases are related by the unitary transformation
u′ fL = Uf gu u

g
L and d

′ f
L = Uf gd d

g
L . The new basis is the mass basis, since it diagonalises the mass

matrix, and ufL and d
f
L are the mass eigenstates. The terms in the Lagrangian which are sensitive to

the mixing are the charged currents. The one for the W boson is

Jµ+W =
1√

2
ūfLγ

µ
(
U†uUd

)
f g
dgL =

1√
2
ūfLγ

µVf gd
g
L , (2.26)

where Vf g is the unitary Cabibbo-Kobayashi-Maskawamatrix that allows weak-interaction transitions
between the three quark generations. Its elements are fundamental parameters of the SM that need
to be determined experimentally.

2.4 Vector Boson Scattering

The scattering of two gauge bosons radiated from initial state quarks is a key process for the
understanding of electroweak symmetry breaking, which carries many theoretical and experimental
challenges. In particular the scattering of charge-like W bosons offers a powerful tool, being
highly sensitive to the mechanism of the breaking of the electroweak symmetry. In the following a
phenomenological overview of the WW scattering process is offered, highlighting the importance
of the same-charge W scattering case.

2.4.1 Scattering of W Bosons

The interactions among weak gauge bosons that appear in the SM Lagrangian of the gauge sector
in Eq. (2.12) involve up to four bosons. They derive from the non-Abelian nature of the gauge theory,
due to the weak charge that vector bosons carry.

In particular, the Lagrangian related to the quartic couplings predicts the existence of WWWW ,
WWZZ, WWZγ and WWγγ vertices.

Quartic couplings appear in hadron-initiated processes in the scattering of two vector bosons
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2. The Standard Model Vector Boson Scattering
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Figure 2.1: Feynman diagrams corresponding to the pure VBS V V j j production processes (a), represen-
tative examples from the EW-induced production without the VBS topology (b) and the QCD-induced
processes (c).

emitted by two initial state quarks, i.e. in VBS processes. A complete description of these processes
is complex, due to irreducible contributions that can not be neglected to preserve gauge invariance.

Besides the diagrams containing the quartic couplings, other two classes of contributions to the
VBS definition need to be considered. As depicted in Fig. 2.1a, the s- and t-channel exchange
of Z/γ∗ are present, together with the s- and t-channel exchange of the Higgs boson. These
contributions offer a fundamental way to access information on the electroweak symmetry breaking
and on the role of the Higgs boson within the SM. The Higgs boson is in fact responsible for the
unitarity preservation of the VBS cross section at all energies. Among the scattering processes of
different gauge bosons, the one involving longitudinally polarised W boson is deeply connected to
the mechanism of electroweak symmetry breaking. The polarisation of a longitudinally polarised
massiveW boson at rest is described by the polarisation vector εL = (0,0,0,1). Lorentz-transforming
it into a generic reference frame leads to ε= 1/M (pz ,0,0,E), which depends on the energy. This
becomes dangerous for the unitarity preservation in case of E�M . Indeed, the unitarity condition
is equivalent to the requirement of having all probabilities of transition from an initial to a final state
summing up to one [25], at all perburbative orders, and this translates into having the tree-level
amplitude of any 2→ 2 process asymptotically flat with energy [26]. If only the diagram involving
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Vector Boson Scattering 2. The Standard Model

Figure 2.2: TotalW+W+ scattering cross section as a function of the centre-of-mass energy for different
polarisations and Higgs boson masses. Calculations are performed with MADRAPH5 and a selection on
the scattering angle corresponding to η = ±1.5 with respect to the direction of the incoming W boson
is applied [25].

the quartic coupling was present, the matrix element would behave asM∼ εLεLεLεL ∼ s2. Adding
the diagrams involving triple gauge couplings modifies the dependency on the energy, which
becomes linear, despite the cross section still growing unphysically asMgauge =−g2 s

4M2W
+O(s0).

The second cancellation which suppresses the dependency on the energy is due to the Higgs
boson. Higgs-mediated diagrams contribute with the termMH = g2HWW

s
M4W

+O(s0) that will
cancel exactly the divergences if gHWW = gMW , i.e. if the Higgs boson couples to the W boson
proportionally toM2W . This means that the presence of the Higgs boson cures the unitarity violation
of theWW interaction which happens in the no-Higgs scenario, as shown in Fig. 2.2. Moreover, this
implies that VBS could indicate new physics in case of larger cross sections, even if this was related
to delayed unitarity cancellations, i.e. in case the theory completing the SM at higher energies
would restore unitarity at experimentally unreachable scales.

Contributions and interference The same final state of two quarks and the decay products of the
two bosons can be achieved at hadron colliders not only via the interaction of the two W bosons,
but also via processes where the diagrams can not be interpreted as production times decay of
the bosons [27]. The class of events where the two W bosons do not interact directly is not
separable from the purely VBS diagrams. All contributing processes are addressed as electroweak
processes, where the order of the electroweak coupling constant αEW is six including all decay
products’ vertices. This class of processes includes the actual VBS mechanism of Fig. 2.1a, but it
includes also s-channel contributions from non-resonant vector bosons or triple bosons production.
Diagrams contributing to this class but not VBS, are shown in Fig. 2.1b. This class together with the
VBS production is addressed as electroweak production.
A further contribution comes from another class of diagrams, referred to as QCD or strong, where
the order of the strong coupling constant αs is two and of αEW is four. Examples of QCD diagrams
are given in Fig. 2.1c.
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2. The Standard Model Vector Boson Scattering

The scattering of two same-charge W bosons, is the simplest VBS process to compute due to the
low number of Feynman diagrams involved, since the s-channel diagrams are suppressed by the
same-charge requirement. Moreover it has the largest electroweak-to-strong cross section ratio.
The square amplitude of the W±W±j j process can be expressed as

|M|2 = |M1+M2|2 = |M1|2+ |M2|2+ 2×Re(M∗1 ·M2)

whereM1 andM2 are the amplitudes for the QCD and electroweak productions respectively, and
an interference term is present, which is of O(αs,α

5
EW). From a theoretical point of view the three

contributions O(α6EW), O(α2s ,α
4
EW) and O(αs,α

5
EW) are separable in a gauge invariant way, due to

the different orders in the coupling constants [28], but an experimental measurement will include
the interference part. Furthermore, it will not be able to identify the pure VBS contribution to the
electroweak-induced set of diagrams. This can be enhanced experimentally by dedicated selections
that exploit the different topology of the processes where the two W bosons interact via VBS.

Higher order corrections There are four contributions that form the next-to-leading order (NLO)
corrections to the pp→ `±ν`±νj j process, O(α7EW), O(αs,α

6
EW), O(α2s ,α

5
EW) and O(α3s ,α

4
EW). The

two ordersO(αs,α
6
EW) andO(α2s ,α

5
EW) receive both QCD and EW corrections, with the consequence

that at NLO it is not possible to distinguish EW from QCD production [29]. The electroweak
corrections to the pp → `+ν`+νj j process are found to be very large, reaching ∼ −16% [30],
because of virtual corrections that correspond to the insertion of massive vector particles in the
scattering process.
The QCD corrections were calculated [31–34] in the VBS approximation [35,36], which neglects
certain contributions, such as the s-channel triboson production. Studies performed on physical
observables such as mj j or ∆yj j have shown [37] that these are good approximations at leading
order (LO) in the kinematic region of VBS processes at the percent level, but can not be neglected
at higher orders.
A complete calculation for the process pp→ µ+νµe

+νe j j has been recently performed [28], which
does not rely on the VBS approximation.

2.4.2 Effective Field Theory Parametrisation

The VBS processes are a probe for new physics, whose effects can be investigated in the high-energy
behaviour of the scattering cross section, or in the bosonic quartic couplings. These can present
modifications with respect to the SM expectations, that manifest themselves into values different
from the SM predictions, and can be quantified with parameters that modify the couplings, i.e.
the anomalous quartic gauge couplings (aQGCs). Another instrument used for the investigation
of new physics is the gauge-invariant Effective Field Theory (EFT) for VBS [29]. In this case the
SM is considered as a low-energy limit of an unknown UV-complete theory, with a well-separated
energy scale Λ corresponding to the scale of new physics. In this approach, the amplitudes can be
expanded in powers of E/Λ, where E is the scale at which processes are measured. The method
is commonly used to investigate the Higgs boson couplings, for which a state-of-the-art review
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is offered in Ref. [38], and is a powerful tool for bosonic couplings as well, being a well-defined
model-independent field theory. In this approach new gauge-invariant operators are ordered by
their canonical dimension, so that the new Lagrangian is constructed as

LSMEFT = LSM+
1

Λ2
Ldim-6+

1

Λ4
Ldim-8+O

(
1

Λ4

)
.

This can be restricted considering at first place the dimension-6 part, where

Ldim-6 =
∑
i

CiOi , (2.27)

with {Oi} being a gauge-invariant set of operators that form a complete basis and Ci Wilson
coefficients, that should be extracted simultaneously from a measurement.
In total, 59 terms plus their Hermitian conjugates form a complete basis for dimension-6 terms,
and are associated to 2499 independent parameters [39]. Among them, VBS processes receive
contributions from 14 operators, once constraints on CP conservation and flavour symmetry are
imposed. Operators of dimension-8 can introduce decorrelation of effects between triple and quartic
gauge couplings [40], but due to the lack of a complete basis up to now they are currently not
considered in present interpretations.
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3 Phenomenology and Simulation of
Proton-Proton Collisions

At hadron colliders such as the Large Hadron Collider (LHC), in one inelastic highly-energetic hadron
collision hundreds of particles are typically produced, spanning their momenta in a wide orders of
magnitude range. This chapter is devoted to the phenomenological description of proton-proton
scattering giving an overview of the processes involved, and of the tools available to compute
or parametrise them. Starting from the master formula for a cross section computation, its main
constituents are elaborated in Section 3.1. An overview of further physics phenomena happening
during the scattering and their simulation techniques is presented in Section 3.2. The chapter
mainly follows Refs. [12,41,42].

3.1 Cross Section Formulation

The SM described in Chapter 2 provides the theoretical framework to compute the probability of the
transition from a certain initial state to a final one, i.e. the cross section of a process. For a generic
process ab→ n the total cross section, which is the result of the integration of the differential cross
section dσ/dΩ over the full solid angle Ω, is expressed as

σab→n =

∫ (
dσ
dΩ
dΩ

)
=

∫
1

F
|Mab→n|2dΦ. (3.1)

The matrix elementM is the scattering amplitude derived from the Lagrangian density typically
using perturbative expansion, and averaged over initial-state spin and color degrees of freedom. The
term F is the particle flux, proportional to the square of the centre-of-mass energy, and the phase
space factor dΦ is the element of the kinematic space which can be integrated over all possible
particle momenta. In case of scattering of composite particles such as protons, the well-known
perturbative approach can not be used to describe the initial state, because this is characterised
by low-momentum QCD processes. The dynamics of the proton’s components, quarks and gluons,
generally referred to as partons, happens at length scales of O(1 fm), while the one of the hard
process occurs at length scales which can be three orders of magnitude lower [44,45]. Nevertheless,
the whole process can be factorised in soft and hard dynamics, according to the factorisation
theorem [46], and the hadronic cross section is obtained by converting the partonic prediction into
the hadronic one, so that the cross section of a two-proton scattering pApB→X is expressed as

σpApB→X =
∑
a,b

∫
dxadxbfa(xa,µ

2
F)fb(xb,µ

2
F) · σ̂ab→X(xaxbs,µ

2
R,µ

2
F). (3.2)

Parton Distribution Functions The weighting functions in Eq. (3.2) are the parton distribution
functions (PDFs) fa/b(xa/b,µ

2
F), which represent the probability density to find a parton a/b inside

the proton which carries a fraction xa/b of the proton’s longitudinal momentum. Hence, x indicates
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Figure 3.1: Schematic representation of hadronic collision. The red circle in the center is the hard
scattering computed with the matrix element, where the additional radiated gluons and quarks are
simulated by the parton shower. The purple circle is a secondary hard scattering of additional partons.
The light green ovals are the hadrons, created during the hadronisation in simulation, while the dark
green ones are their decays. The yellow lines represents the soft photons radiation [43].

the fraction of longitudinal momentum of the proton carried by the parton. The further dependency
on the factorisation scale µF absorbs divergences from collinear emissions of initial state partons,
and is the cut-off that separates the long- and short-distance physics.

The full x dependency of the PDFs can not be determined from perturbation theory, but is instead
obtained from fits of theoretical predictions to experimental data, like deep inelastic electron-proton
scattering measurements. PDFs can be parametrised with a generic functional form and measured
on a particular process and dataset at a chosen energy scale µ0, which is usually the momentum
transferred in the hard interaction. The parametrisation will evolve for different values of µF. This
evolution is described by the DGLAP equations [48–50], which allow to convert a PDF measured
at a certain scale to the scale of interest. In Fig 3.2 the dependency on x for certain PDFs at two
different energy scales is shown. There the different behaviour between valence and sea quarks is
visible. The former determine the quantum numbers of the hadrons, and have higher probability
to carry a large x value compared to the sea quarks that are the quark-antiquark pairs produced
and annihilated as virtual particles by the strong interaction inside the hadrons. Depending on the
choice of the dataset, the reference value for µF and the perturbative order, many strategies can
exist to retrieve the PDF distributions [51,52].

Perturbative sum of hard matrix element The cross section of the subprocess ab→ X can be
computed within the theoretical framework of the SM perturbatively. The validity of the perturbative
approach is ensured by the principle of asymptotic freedom [50] (see Section 2.2). Therefore Eq. (3.2)
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xf (x,Q) vs. x

(a) (b)

Figure 3.2: Parton distribution functions from the CT10NNLO analysis shown for µF ≡Q= 2 GeV (a)
and µF ≡Q= 85 GeV (b) as a function of x . The dashed curve is the central fit, and the colored bands
show the uncertainty. The four curves shown are xuvalence = x(u− ū), xdvalence = x(d − d̄), 0.10xg and
0.10xqsea [47].

can be written as
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∑
a,b

∫
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2
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2
F) · σ̂ab→X(xaxbs,µ

2
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2
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∑
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2
F)fb(xb,µ

2
F) ·c(n)(xaxbs,µ2R,µ2F),

(3.3)

where the partonic cross section σ̂ab→X has been rewritten as a perturbative sum over αs of hard
matrix elements, the coefficients c(n) carrying the dependency on the kinematics. The leading
power k differs for different processes, while calculations are classified by the power of the coupling
constant inside the sum. If only the first term of the expansion is included (n = 0) the calculation is
said to be LO, while it is said to be NLO if terms are included up to n = 1, next-to-next-to-leading
order (NNLO) for an expansion up to n = 2 and so on. The singularities that arise from virtual
loop contributions and real emissions are absorbed by the coupling constant at each order causing
the dependency of αs on the renormalisation scale choice αs ≡ αs(µR) introduced in Chapter 2.
From a formal point of view the cross section computed at all orders of the perturbation theory
is independent from the choice of the renormalisation and factorisation scales (see Section 2.2).
However the truncation of the series introduces a dependency on both µR and µF at each order. This
dependency gives hints on the perturbative uncertainty, which is reduced going to higher orders.
This is estimated by evaluating the effects of the variation of the scales.

3.2 Event Simulation

The kinematic information on the four-momentum of the stable particles in the final state is obtained
with simulation tools, that take into account further physics processes that happen besides the
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hard scattering, such as soft emission, hadronisation, further partons interactions, as well as the
interaction of the particles with the detector which is usually performed separately with different
tools. These tools are computer simulations that exploit Monte Carlo techniques (MC), able to
implement the probabilistic description of particles generation and interaction.
The differences between the various generators on the market, such as PYTHIA [53], Herwig [54],
SHERPA [55], lay in the diverse implementation of the modelling options, treatment of the soft
emissions and its interface with the matrix element generation, and some other aspects that are
briefly described in the following.

Soft emissions and hadronisation In increasing precision calculations, the sequence of emissions
of quarks and gluons subsequent to the hard scattering need to be accounted for. However, in case
of emissions which have small opening angles with respect to the emitting parton (collinear) and for
low pT ones (soft), shown in red in Fig. 3.1, logarithmic divergences appear. For sufficiently inclusive
observables these divergences cancel against virtual emissions order by order in perturbation
theory [56, 57], but for more exclusive quantities only partial cancellation occurs. In these case
logarithmic terms appear, which can spoil the convergence of the series, and fixed-order calculations
need to be substituted by resummed calculations. Depending on the order of the logarithm in
the resummed terms these predictions are named leading-logarithmic (LL) or next-to-leading-
logarithmic (NLL), and they gain in relevance as they affect small-pT areas of observables, where
most of the events are, or cases of vetoes on low-pT jets. The use of resummation techniques
is limited to high-accuracy computation of single observables. For the event generation specific
programs called Parton Shower (PS) [43] are dedicated to the treatment of gluon emission and quark
splitting. They are based on the sequential evolution from the hard scattering to lower and lower
momentum scales up to the non-perturbative limit (∼1 GeV). They make use of the probability for a
parton to split, parametrised by a splitting function (DGLAP splitting), which depends on the fraction
of momentum transferred, and the no-splitting probability given by the Sudakov form factor [58].
As the energy decreases with the PS evolution, the QCD coupling constant increases. At the point
when perturbation theory breaks down hadronisation occurs, meaning that colorless bound states
are formed, which will approximately carry the direction of the original parton. The simulation
of these processes, shown in light-green in Fig. 3.1, is performed in different ways for different
programs. PYTHIA is performing a Lund string fragmentation [59], while Herwig and SHERPA a cluster
fragmentation [60]. The difference mainly lays in the modelling of baryon production, but all of
them are approximations of the process with parameters to be determined using experimental data.
The final stage of the event generation is the simulation of the decay chain of unstable hadrons
(cτ ≤ 10 mm) produced during the hadronisation, such as b- and c-hadrons or τ leptons, the dark
green circles in Fig. 3.1. The parameters of the theoretical models are often tuned on data, and the
framework commonly used in ATLAS are EVTGEN [61] and TAUOLA [62] for τ lepton decays.

Underlying event The parton-parton interaction constitutes the hard scattering and produces the
majority of the outgoing particles, but other interactions can take place changing the topology of
the colliding system and consequently the particle multiplicity in the final state. The interactions of
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the partons not involved in the hard scattering or produced after it are referred to as underlying
events, shown in purple in Fig. 3.1. Together with this, the beam remnants left after the protons
interaction can contribute to the observed activity. All these processes need to be considered in
the simulation procedures, which is done with a phenomenological approach, meaning that the
predictions from simulation are tuned with experimental data.
Beside these events, also pile-up need to be accounted for in simulation. It refers to additional
interactions happening in the bunches, which are the compressed collection of protons made to
collide. Such additional interactions can derive both from protons from the same bunch of the
hard-scattering process, in-time pile-up, and from protons in other bunches, out-of-time pile-up. To
account for pile-up, the signal expected from the hard interaction is superimposed with an inclusive
simulated sample of proton-proton collision. The average number of interactions per bunch crossing
〈µ〉 is reweighed and translated into a modified weight for the simulation, in the so-called pile-up
reweighting procedure. This is only needed to adjust the simulation to the pile-up profile of the
data.

Detector interaction In order to rely on simulated events and be able to compare them to data in
physics analyses, the detector response is to be accounted for. To do so the interaction of the created
particles with the detector material is simulated as well [63]. This is done with a special toolkit
called GEANT4 [64], which in ATLAS is integrated into the Athena software framework [65]. This
simulates the interaction of the particles created in a collision with the detector material, making
it possible to infer the detected signals. Simulated events and real data are finally reconstructed
with the same reconstruction framework, that will be the object Chapter 5, and elaborates the input
information into the physics objects used in the analyses.
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4 The Large Hadron Collider and the ATLAS
Experiment

The experimental facilities described here belong to the CERN (Conseil Européen pour la Recherche
Nucléaire) complex, located on the Franco-Swiss border near Geneva. CERN hosts the proton-proton
LHC [66] and its detectors.

There are seven experiments located at the LHC ring. The ATLAS (A Toroidal LHC ApparatuS) [1]
and CMS (Compact Muon Solenoid) [67] experiments cover a wide range of topics from precision
measurements of the SM to searches for new resonances or phenomena. The ALICE (A Large Ion
Collider Experiment) experiment [68] collects mainly data from heavy-ion collisions to investigate
strongly interacting matter at high energy density, while LHCb (Large Hadron Collider beauty) [69]
focuses on measuring properties of hadrons that contain a b quark. The three experiments MoEDAL,
TOTEM and LHCf [70–72] perform more specific research, from magnetic monopoles to cross
section measurements or calibration studies. An overview of the LHC is given in Section 4.1, while
Section 4.2 describes the ATLAS detector and its main components.

4.1 The Large Hadron Collider

The LHC is a hadron accelerator and particle-particle collider that is situated in a nearly circular
26.7 km long underground tunnel originally built for the Large Electron-Positron Collider (LEP) [73].
It operates with proton or heavy ion lead beams counter-rotating in two separate vacuum pipes.
These are made to collide in four interaction points, where four detectors are located: the multi-
purpose ATLAS and CMS detectors, as well as the ALICE and LHCb ones. The four sections of
the collider where these experiments sit, together with other sections dedicated to the injection,
extraction, acceleration and cleaning of the beams, are straight segments, while approximately
22 km of the total length consists of curved sections. The LHC was built with the aim of searching
for the Higgs boson, revealing physics beyond the SM and precisely measuring parameters in
unexplored phase spaces [75]. It was designed to reach centre-of-mass energies of up to 14 TeV for
protons and 5.4 TeV for ions per nucleon. This is made possible by the use of hadrons, which lose
only a small fraction of their energy via synchrotron radiation due to their larger mass, compared to
electrons or positrons, previously used by LEP.

To reach the nominal beam energy, before being injected in the LHC, bunches of protons are
accelerated in several steps through interconnected linear and circular accelerators, as shown
in Fig. 4.1. Protons are extracted from hydrogen gas by ionisation, and are transferred to the
first accelerator, the linear LINAC2, where they are brought up to 50 MeV. After this, protons are
injected into the Proton Synchrotron Booster which accelerates them to an energy of 1.4 GeV, and
subsequently into the Proton Synchrotron. Here a further boost is applied to increase the beam
energy to 25 GeV. The next step is the Super Proton Synchrotron, a 6.9 km circular accelerator which
brings the protons’ energy to 450 GeV before entering the LHC ring, where they are accelerated to
the final beam energy.
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Figure 4.1: The CERN accelerator infrastructure [74].

Despite being originally designed to operate at a maximum energy of 7 TeV per beam, the standard
proton-proton operating energy throughout Run2 was 6.5 TeV, for a centre-of-mass energy of
√
s = 13 TeV. To accelerate the beams within the LHC, eight 400 MHz radio frequency (RF) cavities

per beam are placed in cryomodules to keep them working in a superconducting state.

To keep such energetic proton beams in the desired orbit, superconducting magnets are needed.
The bending of the beams is obtained by the use of 1232 15 m-long niobium-titanium (NbTi) dipole
magnets providing a magnetic field of up to 8.3 T. To reach this value the magnets need to be
operated in a superconductivity state, which is provided with liquid helium via a cooling system,
keeping an operational temperature of 1.9 K. The dipoles are equipped with sextupole, octupole and
decapole magnets, which correct for small imperfections in the magnetic field at their extremities.
To focus the protons in the bunches into a small transverse size, 392 quadrupole magnets are used.
They have alternating polarity, and the four magnetic poles are arranged symmetrically around
the beam pipe to squeeze the beam either vertically or horizontally, important especially at the
interaction point to increase the probability of collisions.

Beside the energy, the other key feature that characterises the performance of a collider is related
to the rate of collisions at the interaction point. This is parametrised by the instantaneous luminosity
L, measured in particles per area per time, that directly relates the event rate of a physics process
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Figure 4.2: (a) Cumulative integrated luminosity versus time delivered to ATLAS (green), recorded
by ATLAS (yellow) and certified to be of good quality data (blue) in 2015-2018 during stable beam
proton-proton collisions at

√
s = 13 TeV [76]. (b) Luminosity-weighted distribution of the mean number

of interactions per crossing for proton-proton collisions at
√
s = 13 TeV for the years 2015-2018 [76].

to its cross section
dNpp→X(t)

dt
= L(t) ·σpp→X ,

where σpp→X is the cross section for the pp→ X process. The luminosity depends on the beam
parameters. For two Gaussian distributed proton bunches of transverse widths σx and σy , containing
Np,1 and Np,2 protons each, and colliding at frequency f the luminosity can be parametrised
according to

L= f ·
Np,1 ·Np,2
4πσx ·σy

.

This can be further expressed in terms of the normalised transverse emittance εn and the amplitude
function at the interaction point β∗ as

L=
f ·Np,1 ·Np,2 ·γ

4π · εn ·β∗
F.

The term γ is the relativistic gamma factor and F accounts for a geometrical correction due to the
crossing angle under which the beams are brought to collision. Given the nominal values of the
parameters, such as a frequency of 11245 Hz, the number of particles per bunch of approximately
1011 protons/bunch and σx ≈ σy ≈ 16·10-4 cm, the design value for the LHC is an instantaneous
luminosity of L= 1034 cm-2s-1.

The integrated luminosity is obtained by integrating the luminosity over a defined time period. For
the full Run2 period from 2015 to 2018, 158 fb-1 have been delivered by the LHC, of which 147 fb-1

have been recorded by ATLAS. Of these, 139 fb-1 have been considered to be of good quality, i.e.
the reconstructed physics objects reflect specific quality criteria, and have been used for physics
analyses. The total integrated luminosity and data quality are shown in Fig 4.2a. To determine
the luminosity, counting rates are measured by specific luminosity detectors (see 4.2.5) and the
van-der-Meer beam-separation method [77] is used to measure the beam profile to determine the

23



The ATLAS Detector 4. The LHC and the ATLAS Experiment

Figure 4.3: Cut-away view of the ATLAS detector [1].

absolute luminosity calibration.
The additional interactions of protons from the same bunch or from other bunch-crossings, the
pile-up, increase strongly with higher instantaneous luminosity values. It is typically characterised
by the mean number of interactions per bunch crossing, which is depicted in Fig. 4.2b for the years
2015-2018.

4.2 The ATLAS Detector

The geometry of the ATLAS detector is cylindrical, with a forward-backward symmetry with respect
to the interaction point. The central region of the detector is usually addressed as barrel, the
forward regions as endcaps, and a schematic view is presented in Fig. 4.3. It covers a solid angle
of almost 4π and the magnets structure includes a thin superconducting solenoid around the
Inner Detector (ID) and three large superconducting toroids, one for the barrel and two for the
endcaps. The ID, immersed in the magnetic field of B = 2 T, was designed to track charged particles
and measure their kinematic properties via their curvature. Electromagnetic (EM) and hadronic
calorimeters measure the energy and direction of electromagnetically and hadronically interacting
particles and are surrounded by a muon spectrometer (MS). The bending planes in the ID and in the
MS are perpendicular to one another. The coordinate system used by the detector is described in
the following sections, together with its sub-detectors.

4.2.1 Coordinate System

The right-handed coordinate system used by ATLAS is centred on the nominal interaction point,
the x-axis points to the center of LHC ring, the y -axis points towards the surface and the z-axis
coincides approximately with the beam axis. A set of spherical coordinates (r,φ,θ) is also used,
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where the azimuthal angle φ ranges from −π to π and the polar angle θ is measured from the
positive z-axis. To describe the polar position of particles, the rapidity is defined

y =
1

2
ln

[
E+pz
E−pz

]
,

where E is the total energy and pz is the z-component of the momentum. This is conveniently used
since differences in rapidity are Lorentz invariant under boosts along the beam axis, and the rest
frames of the parton-parton collisions have different boosts with respect to the laboratory frame
due to the different fractions of proton momentum carried by the partons. For massless particles or
for negligible masses in the highly relativistic case, the rapidity is approximated by the pseudorapity

η = ln

[
tan

(
θ

2

)]
.

The particle production is approximately constant per (pseudo)rapidity unit, which is one additional
reason behind the choice of these two variables to describe the polar position of particles.
Distances between particles are usually measured in the (φ,η) parameter space and are usually
expressed in terms of

∆R =

√
(∆φ)2+ (∆η)2.

The transverse component of the momentum pT and energy ET are commonly used, and are defined
in the x-y plane as

pT =
√
p2x +p2y

and
ET =

√
p2T +m2.

4.2.2 Inner Detector

The ATLAS ID [78] provides information for the pattern recognition of charged particles above
a certain pT threshold (nominally 0.5 GeV) within a range of |η| < 2.5 and full coverage in the φ
angle. It is designed for an excellent momentum resolution and aims at the measurement of both
primary and secondary vertices. It is contained in a magnetic field of B = 2 T provided by the
superconducting solenoid. The field is parallel to the beam axis and bends charged particles in the
φ direction. The magnetic field is constant in the radial direction while it decreases along z outside
the solenoid region, going away from the interaction point. The ID consists of three subdetectors:
the pixel detector, the Semi-Conductor Tracker (SCT) and the Transition Radiation Tracker (TRT). The
layout of the ID system is shown in Fig. 4.4.

Pixel Detector

The semiconductor pixel detector [80] is the innermost layer of the ID that provides very high-
granularity and high-precision measurements as close as possible to the interaction point and in
the full range of |η|< 2.5. Ranging up to 150 mm in the radial direction, it was originally located at
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Figure 4.4: The ATLAS inner detector in R-z view. The whole inner detector is shown in the top panel,
while a zoom of the pixel detector region is given in the bottom pannel [79].

50.5 mm to the beam axis. This distance was reduced with the insertion of a new pixel layer at
33.25 mm, the insertable B-layer (IBL) [81], which improved the spatial resolution and enhanced
the tracking accuracy [82]. The pixel detector consists of a central region where four layers of silicon
pixel modules are mounted around the beam axis, and two endcap regions with three disks each
perpendicular to the beam axis, for a total of 1744 modules. In the barrel pixels have a size of 50 µm
in the R-φ plane and 400 µm along z . Typically the pixel detector provides four measurement
points, with an intrinsic resolution of 10 µm in azimuthal direction and 115 µm in axial (radial)
direction of the barrel (endcap). The pixel detector determines the ability of the ID to reconstruct
the interaction point with high resolution as well as vertices of particles’ decays.

Semiconductor Tracker

The SCT surrounds the pixel detector, it consists of strips and has coarser granularity, as the track
density decreases at larger radii. It is mounted in a distance of R = 299 mm to 514 mm from the
beam axis, covering a region up to |η|< 2.5 and consists of four cylindrical barrel layers and nine
planar endcap disks on each side. Typically four precision measurements per charged particle are
detected by silicon microstrip sensors in the barrel. The barrel modules are two-sided, with two
adjacent sensors mounted on each side. Both in the barrel and in the endcap the two modules are
tilted with a stereo angle of ∼40 mrad with respect to each other to break the degeneracy along
the z-direction: this ensures a good position resolution for charged particles. The intrinsic accuracy
per module is 17 µm in R-φ and 580 µm in z , and it is possible to distinguish charged particles
separated by at least ∼200 µm. The SCT contributes significantly to the measurement of momenta,
impact parameters and vertex positions.
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Transition Radiation Tracker

The outermost part of the ID is the TRT, which provides coverage up to |η|= 2.0 in the remaining
region that goes up to 1082 mm from the beam axis. It consists of 4 mm-diameter straw tubes
interleaved with polypropylene as radiator material, which are placed parallel to the beam axis in
the barrel region, and are radial in the endcap regions. The tubes are filled with a Xe-based gas
mixture, which provides electron identification capability through the detection of photons emitted
by transition radiation created by the radiator material in between the straws. Each electronic
channel provides a drift-time measurement giving R-φ information, and particle identification is
also provided, as transition radiation is more likely for electrons than other charged particles, which
can therefore be discriminated via different energy thresholds. The single hit resolution is ∼120 µm
in the barrel and 130 µm in the endcaps, which is lower compared to the silicon detectors. However,
for each track typically more than 30 hits are recorded, which significantly improves the spatial
resolution of the track reconstruction if the information is combined with the other detectors.

Material distribution

The knowledge of the amount and type of material inside the ID is directly linked to the perfor-
mance in the track and object reconstruction and calibration. It is measured indirectly via the
reconstruction of both photon conversion vertices and vertices from hadronic interactions [79].
The former are sensitive to the electromagnetic interactions of particles inside the material, such
as the electron-positron production of photons. This method takes advantage of the excellent
theoretical understanding of electromagnetic interactions, but the radial resolution is limited by
the collinearity of the electron-positron pair. The reconstruction of hadronic vertices is sensitive to
nuclear interactions. It suffers from greater difficulties in the modelling, but gains in resolution
thanks to the large opening angles between the daughter particles. A complementary third approach
is to measure nuclear interaction rates of charged hadrons through hadronic interaction1. The
amount of material is usually evaluated in terms of the interaction length λ0 and the radiation
length X0, which are the mean path length after which the flux of relativistic primary hadrons
is reduced to a fraction 1/e, and the distance after which the energy of a high-energy electron
(E� 2me ) is reduced to 1/e ·E.
Fig. 4.5a presents the amount of material in units of X0 as a function of |η|, separately for four
regions in the radial direction. In Fig. 4.5b the distribution of vertices from hadronic interactions is
shown for the pixel detector in the transverse plane.

4.2.3 Calorimeter System

The ATLAS calorimeters provide accurate measurements of energy and position of electrons, photons
and hadrons, as well as information on their discrimination. This is obtained by the characterisation

1This is done by considering the collection of tracklets, i.e. tracks with hits in the pixel detector only, and measuring the
fraction of them which can be matched to combined tracks. A charged hadron that undergoes hadronic interaction in
the material between the pixel detector and the SCT typically leaves hits in the pixel only, hence this efficiency is
related to the amount of material crossed by the particle.
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Figure 4.5: (a) Number of radiation lengths as a function of η in its positive range indicating the amount
of material associated to electromagnetic interactions. The regions are categorised for different radial
distances, which correspond to the beam pipe (red), the IBL (yellow), the pixel barrel (green) and the
pixel service regions (blue) [79]. (b) Distribution of hadronic-interaction vertices for data in a x-y view
for the pixel detector [79].

of the properties of the electromagnetic and hadronic showers induced by the particles respectively
in the electromagnetic and hadronic calorimeters. In the η region matched to the inner detector,
the high granularity is suited for electron and photon precision measurements, while the rest of
the system has coarser granularity which is sufficient for jet reconstruction and measurements of
missing energy from weakly interacting particles. The calorimeter system covers the range |η|< 4.9.
A liquid Argon (LAr) technique [83] is used for all electromagnetic (EM) calorimetry covering the
interval |η|< 3.2 and for hadronic calorimetry from |η| = 1.4 up to the acceptance limit. At large
radii radiation levels are lower, therefore a less expensive iron-scintillator hadronic tile calorimeter
is used [84]. The total thickness in terms of interaction lengths of the full calorimeter system is
11 λ0 at η = 0, which contains the hadronic showers. An overview of the calorimeter system is
shown in Fig. 4.6.

Electromagnetic calorimeter

The EM calorimeter is a sampling calorimeter with active layers of liquid Argon alternated with
absorber lead plates. The electrodes to measure the energy deposited in the liquid argon and
the lead absorbers are built with an accordion-shaped geometry to provide complete φ symmetry
without azimuthal cracks. The barrel part of the EM calorimeter covers |η|< 1.475, while the two
endcaps components cover the range 1.375 < |η|< 3.2.
The barrel has a thickness of 22 radiation lengths and consists of 16 modules. In Fig. 4.7a a
single module of the barrel is shown. The barrel is longitudinally divided into three layers that
have increasing granularity to obtain an elaborated analysis of the shower shape. The first layer
is finely segmented into strips, having a granularity of ∆η×∆φ = 0.0031×0.098. This allows
for the distinction of close-by particles, e.g. two photons from a π0 → γγ decay. The second
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Figure 4.6: Cut-away view of the ATLAS calorimeter system [1].

layer aims at energy measurement and has a coarser granularity of 0.025×0.025 in η×φ. The
granularity of this layer defines the azimuthal size of the so called towers, Nη×Nφ = 200×256
elements spanning longitudinally the three layers of the EM calorimeter. Combined clusters of 4×4
∆η×∆φ = 0.025×0.025 elements are the so called trigger towers, which provide inputs to the first
level trigger for a fast decision. The third layer of the EM calorimeter has twice coarser granularity in
η and the same φ segmentation and is intended to correct for the overlap of the energy deposition
in the following hadronic calorimeter. In front of the EM barrel calorimeter a presampler layer is
placed. It is a 11 mm thick LAr layer which provides shower sampling and corrects for energy loss
in front of the electromagnetic calorimeter.

Each EM calorimeter endcap consists of two coaxial wheels, with a ∼3 mm spacing between them
at |η| = 2.5. The inner part is divided into three layers, while the outer one has two, with a coarser
transverse granularity. The presampler is present in the endcaps as well, with a lower thickness of
5 mm up to |η|< 1.8.

The resolution in energy that can be achieved by the EM calorimeter is parametrised as

σE
E

=
a√
E
⊕
b

E
⊕c, (4.1)

where a is the sampling term, b the noise term and c the constant term, all depending on η. The
term a mainly contributes at low energy and gets worse with increasing η starting from values
around 10%/

√
E[GeV], due to the increase in the amount of material in front of the calorimeter.

The noise term is dominated by pile-up noise at high |η| and has a target value of around 170 MeV.
For increasing energies the relative energy resolution tends asymptotically to the constant term c ,
originated from the calibration of the calorimeter, which has a design value of 0.7% [83].
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Figure 4.7: (a) Barrel module of the electromagnetic calorimeter where the different layers and granu-
larities are visible [1]. (b) Tile hadronic calorimeter module, where the mechanical assembly and the
optical readout are depicted [1].

Hadronic calorimeter

In the barrel the tile hadronic calorimeter is a sampling calorimeter where steel is used as absorber
and scintillating plastic tiles as active material, and is placed outside the envelope of the EM
calorimeter. Together with the endcap and forward calorimeters it provides energy and momentum
measurements used for jet reconstruction, and it suppresses contributions of particles different from
muons reaching the MS. The main features required from the physics performance relates to good
energy resolution, uniformity in η and φ directions and reduction of cracks and dead material. The
barrel of the tile calorimeter covers the region |η|< 1.0 and it has two extended barrels covering the
range 0.8< |η|< 1.7. A 68 cm gap between the two hosts the readout cables from the ID and the EM
calorimeter. Like the EM calorimeter, also the tile barrels are longitudinally divided into three layers,
the first two having a granularity of ∆η×∆φ = 0.1×0.1 and the last one having ∆η×∆φ = 0.2×0.1.
A single module structure is shown in Fig. 4.7b. Radially the tile calorimeter extends up to 4.25 m,
the greater dimensions are due to the larger particle penetration depths of hadrons compared to
electrons. Azimuthally, the barrel components are divided into 64 wedge-shaped modules that
cover a sector of ∆φ = 0.1.

The hadronic calorimeters in the endcaps and in the forward area use a LAr technology. Each
hadronic endcap calorimeter consists of two independent wheels placed behind the endcaps of
the EM calorimeter, covering a range of 1.5 < |η|< 3.2. The segmentation of the modules changes
at |η| = 2.5, being ∆η×∆φ = 0.1×0.1 for |η| < 2.5 and twice as coarse for larger |η| values. The
relative energy resolution of the hadronic tile and endcap calorimeters is [85]:

σE
E

=
50%√
E[GeV]

⊕3%.

The forward calorimeter [86] is integrated in the endcap cryostats and consists of three modules
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(a) (b)

Figure 4.8: (a) Geometry and position of the barrel and endcaps toroid magnets [1]. (b) Section of the
muon system in a bending plane containing the beam axis. The dashed lines indicate trajectories of
infinite-momentum muons traversing three muon stations [1].

in each endcap. The first one is optimised for electromagnetic measurements and is made of
copper, while the other two are made of tungsten and mainly measure hadronic interactions. It
has a coverage of 3.1 |η|< 4.9. Its front face is placed at 4.7 m to the interaction point, which is
a relatively short distance and makes dealing with radiation challenging. On the other hand this
allows for a more uniform coverage. The granularity of the forward calorimeter is ∆η×∆φ = 0.2×0.2
and the relative energy resolution is [85]:

σE
E

=
100%√
E[GeV]

⊕10%.

4.2.4 Muon Spectrometer

Muons need a further detector, as they can traverse the calorimeter system unstopped, only de-
positing in it a small amount of energy. The MS [87] provides muon momentum measurements
from 3 GeV up to 1 TeV and features superconducting toroid magnets which provide the magnetic
field to deflect muon tracks in the R-z plane. The system is instrumented with separate trigger and
high-precision tracking chambers and it occupies 90% of the total volume of the ATLAS detector.
The total track measurement is obtained with the complementary information provided by the inner
detector. The MS has been designed for efficient muon identification and high-precision momentum
measurements. The toroid system consists of three large air-core toroids, depicted in Fig. 4.8a
where the magnets windings and positions are shown. A large barrel toroid provides a magnetic
field in the range |η| < 1.4, has an outer diameter of 20.1 m and is made of 8 coils assembled
radially and symmetrically around the beam axis. In the region 1.6 < |η|< 2.7 two smaller endcap
magnets are positioned, while the interval 1.4 < |η|< 1.6 is the so called transition region, where
the magnetic deflection is provided by a combination of barrel and endcap field, but with a lower
bending power. The two endcap toroids are aligned to it in the endcaps, but rotated in azimuth
by an angle of 22.5◦ to optimise the performance in the transition region. The bending power is
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higher in the endcaps where it reaches 6 Tm, while typical values in the barrel are around 3 Tm. All
the magnets are helium-cooled in order to reach the superconducting state.
The chambers are arranged in the barrel region in three cylindrical layers around the beam axis,
while in the transition and the endcap regions they lay in three layers perpendicularly to it. A section
of the system is shown in Fig. 4.8b. For most of the |η| range the Monitored Drift Tubes (MDT) aim at
measuring precisely the track coordinates in the principal bending direction of the field, having an
average resolution of 80 µm. In the innermost plane, over the range 2.0 < |η|< 2.7 and close to the
interaction point, Cathode Strip Chambers (CSC) are positioned. These are multiwire proportional
chambers with cathodes segmented into strips and with high granularity. Other types of chambers,
the Resistive Plate Chambers (RPC) in the barrel and Thin Gap Chambers (TGC) in the endcaps, cover
|η|< 2.4 and feed the trigger system with data. The main purposes are to provide bunch crossing
identification, well defined pT thresholds and measure a coordinate in the direction orthogonal to
the one determined by the precision chambers. The momentum resolution of the spectrometer is
σpT
pT
= 2-4% in the range pT = 10-200 GeV and

σpT
pT
= 10% at pT = 1 TeV [87].

4.2.5 Forward Detectors

Four smaller detectors are positioned in the forward region, starting from ±17 m from the in-
teraction point up to ±240 m. The LUCID (LUminosity measurement using Cerenkov Integrating
Detector) [88] and ALFA (Absolute Luminosity For ATLAS) [89] detectors have the main aim of
measuring the luminosity delivered to ATLAS. The ZDC (Zero-Degree Calorimeter) [90] plays a key
role in determining the centrality of heavy-ion collisions, being able to measure neutral particles
at pseudorapidity values up to |η| ≥8.2. The AFP (ATLAS Forward Proton) [91] detector aims at
detecting diffractive events, i.e. where one or two protons do not dissociate in the collision and are
scattered at very small angles.

4.2.6 Trigger System

The high centre-of-mass energy and luminosity at the LHC cause an elevated event rate. This needs
to be decreased in order for the data to be stored: the ATLAS trigger system [92] reduces it from the
designed bunch-crossing rate of 40 MHz to about 1000 Hz on average. Finally, events, which have a
size of the order of 1 MB, are written to mass storage.
The ATLAS trigger system is divided into two levels [93]. The first one, Level-1 (L1), is a hardware-
based system and performs the first, fast reduction using a reduced granularity from the calorimeter
(L1Calo) and muon (L1Muon) subdetectors. The calorimeter triggers use a sliding-window algorithm
based on analog signals from the hadronic and EM calorimeter cells called trigger towers. Once
digitised, the signal is converted into ET values which are transmitted to different processors
responsible for the identification of e±, γ or τ± candidates on one side and of jets and ET objects
on the other side. The former objects are identified through the use of predefined thresholds in
the energy deposit in 2×2 clusters of towers. The jets and ET processors use the same technique
in clusters around a trigger tower core identified as local maximum. Muons are first identified by
the muon trigger chambers RPC and TGC via a simple tracking algorithm and the information is
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combined in the muon central processor.
The geometric and kinematic information from the L1Calo and L1Muon are combined in the L1Topo
trigger. This computes refined global event quantities, such as invariant masses or angular variables,
to be sent to the central trigger processor (CTP). This performs the final L1 decision, based on hit
coincidences in different subdetector layers within certain windows, and implements menus made
of combinations of trigger selections. For each event the L1 trigger defines the (η,φ) coordinates
of regions where its selection processes have found an event with interesting features, a region of
interest (RoI). The time for the L1 to make a decision on the event is of about 2.5 µs.
If an event is accepted by L1 it is re-processed at the High Level Trigger (HLT) stage. This is a
software-based trigger, obtained by merging and optimising two of the levels previously used
in Run1, the second and Event Filter levels. The RoI formed at L1 are sent to the HLT, where
sophisticated selection algorithms use the full detector granularity in the RoI or in the full event.
Most of the trigger reconstruction algorithms are optimised to minimise differences between the HLT
and the offline analysis selections. The event rate is reduced from the L1 output of O(100) kHz to
approximately 1 kHz within a processing time of roughly 200 ms. A small fraction of the bandwidth
is dedicated to the so called prescaled triggers, when only a fraction of events passing the HLT are
selected and stored, in order to decrease the final output rate.

4.2.7 Data Acquisition

All the information from the detector needs to be digitised and stored, in order to be available in
case of a positive trigger decision, when they are transferred to the Data Acquisition System (DAQ).
The data are stored temporarily in local buffers by the readout system and the ones in the RoI are
required by the HLT. The selected events are then reconstructed. Events passing the full chain of
the trigger are stored at CERN in the so called Tier-0 facility, replicated and distributed through the
LHC computing grid in Tier-1 and Tier-2 locations, computing facilities all over the world.
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Particles that pass through the detector are reconstructed starting from the responses of the sub-
components, which are combined by dedicated algorithms into high-level physics objects. These
are identified and their four-momenta and kinematic properties are retrieved. This chapter is
dedicated to the techniques used in the ATLAS collaboration to perform the reconstruction and
evaluate the related efficiencies and uncertainties, starting from the construction of the tracks and
interaction vertices in Section 5.1. Particular attention is given to the objects of interest for the
studies presented in this thesis. Electrons are detailed in Section 5.2 and muons in Section 5.3.
Section 5.4 offers an overview on the reconstruction of the spray of hadrons named jets, while
Section 5.5 focuses on the missing transverse momentum.

5.1 Track and Vertex Reconstruction

Track reconstruction The tracking system records the hits and drift circles of the charged particles
traversing the ID.

The track reconstruction [94] starts from the creation of clusters from hits in the pixel and SCT
that are adjacent and have a deposited charge above a certain threshold. Three-dimensional space
points are then created, which represent the points where the charged particle traversed the active
material of the ID. After the clusterisation, track seeds are formed from combinations of space points
in the four pixel layers and the first SCT layer. Track candidates are formed afterwards, through the
use of a combinatorial Kalman filter [95] which incorporates other space points compatible with the
preliminary trajectory, so that track candidates are extended till the fourth layer of the SCT. Multiple
track candidates per seed are created in case of more than one compatible space point on the same
layer. This makes an ambiguity solving step necessary, where candidates are ranked based on a score.
The score is computed based on the intrinsic resolution and multiplicity in different subdetectors of
the clusters in the candidate. Also the χ2 of the track fit is taken into account together with the
logarithm of the track momentum, which promotes energetic tracks. Tracks which fail any of the
criteria are rejected, while the others are ranked. The ambiguity algorithm is aided by an artificial
neural network [96] trained to identify merged clusters and used to predict cluster positions. A final
high-resolution fit with the full information is performed on candidates fulfilling the requirements
and fitted tracks are added to the final collection. The surviving tracks are extended into the TRT
through algorithms that search for new hits and provide candidates for the silicon-seeded tracks.
These extensions are fitted and evaluated via methods similar to the first ambiguity solving step
and the final collection is created.

In cases where track seeds from silicon have a low score due to ambiguous hits, their seeds are
suppressed at the ambiguity solving stage. In other cases hits in the innermost layers can be missing,
e.g. for converted photons or long-lived particles (τ > 3×1011 s). Also, a substantial energy loss
at large radii can lead the extension to the TRT in wrong directions, which can happen mostly
for electrons. For all these cases a different algorithm is used, which starts from a global pattern
recognition in the TRT where segments are formed and followed back into the silicon detectors [97].
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(a) (b)

Figure 5.1: (a) Track reconstruction efficiency evaluated on simulated minimum bias charged pions as
a function of truth η for Loose and Tight Primary selections. The different selections are based on
the track pT (> 400 MeV in both cases), and number of hits in pixel and SCT detectors, required to be
higher for Tight Primary tracks. Extension in the TRT is not required. The bands indicate the systematic
uncertainties [98]. (b) Efficiency of vertex reconstruction as a function of the number of tracks in a
low-µ data sample, compared to simulation [101].

The track reconstruction efficiency is measured as a function of (pT,η) in simulations [98], by
associating each cluster to the truth particle, i.e. a particle in simulation, which has the largest
energy deposition in simulation, and considering the ratio of the number of reconstructed tracks
matched and the number of generated particles. Fig. 5.1a shows the efficiency as a function of η for
two sets of tracks, depending on different quality criteria based on momentum, pseudorapidity and
number of hits, measured on charged pions from minimum bias events1. In general in the regions
|η| > 1 the efficiency is lower due to the higher amount of material, while above pT ≥ 5 GeV it
reaches a plateau around ∼90% for the looser selection and ∼85% for the tighter one.
Two quantities are defined, that give an estimation of the quality of the reconstructed track. One is
the transverse impact parameter significance d0/σd0 , defined as the ratio between the distance from
the proton beam to the track’s point of closest approach to the beam in the transverse plane d0 and
its significance. The other is the longitudinal impact parameter z0, which is the distance of the track
from the primary vertex measured along the beam axis at the point of closest approach in the R-φ
plane.

Vertex reconstruction The interaction vertex is reconstructed by [102] defining a set of tracks that
satisfy certain selection criteria, and identifying a seed position. By an iterative fit the best vertex
position is estimated where less-compatible tracks are down weighted and the vertex position
recomputed. When this is fixed, incompatible tracks are removed and used for the reconstruction of
other vertices. The vertex considered to be the one of the hard scattering is defined as primary. It
requires at least two tracks associated to it and is the vertex with the largest

∑
p2T of the associated

1The PYTHIA8 event generator [99] was tuned based on data from inclusive-inelastic scattering. Data from minimum
bias and underlying events are modelled with differente diffractive descriptions, with the contribution mixed according
to the cross section. This is a standard procedure, which gives insights into the description of the strong interaction
at low energy scales [100].
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tracks [101]. The vertex reconstruction efficiency is determined in data as the fraction of events
with a reconstructed vertex among events with at least two reconstructed tracks, and it is shown in
Fig. 5.1b. The dataset used contains events with a reduced number of interactions per bunch-crossing
(low-µ events), while the simulated sample uses the minimum-bias tune of PYTHIA 8.185 [103].
Tracks have a minimum kinematic selection, requiring pT > 400 MeV for |η|< 2.5, and requirements
on silicon hits are also placed.
The uncertainty of the vertex position is also estimated in simulation, proportional to the separation
between two vertices reconstructed out of two sub-sets of tracks of approximately the same

∑
pT

and corrected with scale factors derived with data [104]. Finally, further algorithms search for
secondary vertices and photon conversions.

5.2 Electrons

Electrons are reconstructed starting from energy deposits inside the EM calorimeter, which are
matched to tracks in the inner detector, aiming at a high efficiency. The techniques for reconstruction
and identification are explained in the following, together with some details on their isolation,
energy calibration, trigger information and an overview of the efficiency measurement. Particular
attention is given to the electron reconstruction as this will be of importance for the studies
described in Chapter 6.

Reconstruction In the first step of the reconstruction procedure a sliding-window algorithm [105]
searches for energy deposits in the EM calorimeter in windows of size 3×5 middle layer cells
of ∆η×∆φ = 0.025×0.025, inside longitudinal towers, defined in see Section 4.2.3. The total
transverse energy of the towers contained in the window must be above the threshold of 2.5 GeV,
taking into account the energy of the cells in all longitudinal calorimeter layers. In this case a
precluster is formed and the position of its seed computed as the weighed barycentre of all cells
within a 3×3 window around the central tower. Here a removal of duplicates is performed, and in
case two preclusters are within 2×2 cells the more energetic one is kept. Once the clusters are
formed, the cells are assigned to each of them, depending on their distance from the seed position,
different for each calorimeter layer. In the last step clusters of different Nclusterη ×Nclusterφ sizes are
built, based on the hypothesised particle types - electron, converted or unconverted photon - and
position in the calorimeter.
The track reconstruction begins with pattern recognition procedure, where a track seed is formed
out of three hits in the silicon detectors. The energy loss due to interactions with detector material
is evaluated under the assumption of a pion track, and attempts are made to build a track with at
least seven hits. If the track falls within a region of ∆R < 0.3 from the barycentre of the cluster,
the pattern recognition is performed again under the electron assumption in terms of energy loss.
Candidates are then fit with the ATLAS Global χ2 Track Fitter [106] under either the pion or electron
hypothesis, according to the recognition algorithm used previously.
At this stage a track-cluster matching is performed. Tracks are extrapolated to the calorimeter
middle layer and the position is compared to the cluster barycentre. In the matching the energy loss
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due to bremsstrahlung emission is taken into account and the number of hits in the silicon detector
has to be larger than or equal to four. Tracks loosely matched in this way are refit with a Gaussian
Sum Filter [107], optimised for electrons taking into account non-linear bremsstrahlung effects.

If more than one track satisfies the matching conditions, one is chosen as primary by an algorithm
that uses the cluster-track distance, the number of hits in the pixel detector and the presence of
hits in the first layer of the SCT. In case of absence of tracks associated to a cluster, the object is
considered as unconverted photon. If the association is done with two tracks of opposite curvature,
but collinear at the production vertex and compatible with electrons in the TRT, then the cluster
is classified as a converted photon. This classification can also happen for a cluster matched to
single tracks in order to increase the efficiency of conversion detection, but the track must have no
hits in the silicon detectors in this case. Clusters for electrons are reformed with a different tower
granularity and the energy is calibrated, as will be described later in this section.

Efficiencies for the reconstruction, shown in Fig. 5.2a as a function of η, are between 97%-99% for
electrons with ET > 15 GeV. The four momentum is reconstructed out of η and φ extracted from
the track, and the energy retrieved from the calibrated cluster. Tracks are required to be originated
from the primary interaction vertex, to reduce the background from conversions.

Identification Identification algorithms use variables related to track measurements, shapes of
showers in the calorimeter and track-cluster matching quantities to distinguish signal from back-
ground electrons. The simulated samples used for the optimisation of such algorithms are Z→ ee

and J/Ψ→ ee, which need to be corrected for inaccuracies in the description of the detector and
the shower shapes modelling performed with GEANT4 [64].

The baseline algorithm is based on a likelihood method that uses the signal and background proba-
bility density functions of variables which are chosen as discriminating. A likelihood discriminant
is built and requirements are placed on it to distinguish between signal-like or background-like
objects. Furthermore, electrons are required to pass simple selection criteria on the number of hits
on the track.

Based on the different selections on the discriminant, three inclusive operating points are defined,
Loose, Medium and Tight, in increasing background rejection power. The identification operating
points are optimised in several bins of |η| and ET, due to the dependency of the variables on both
the material distribution and the energy. The signal efficiency for the Tight identification over the
ET range goes from 78% to 90%, while the highest efficiency is measured for the Loose operating
point and is around 95%. Lower signal efficiencies for Tight electrons have the benefit of a higher
background rejection. The Loose identification efficiency increases to 85% at ET = 20 GeV and to
95% at ET = 100 GeV [6]. Two methods, namely the Zmass and the Ziso method, are performed on
Z→ ee events to obtain the identification efficiencies. They differ for the background treatment
and are treated as systematic variation on a single measurement. Also J/Ψ→ ee events are used
to retrieve efficiencies for low ET electrons, i.e. 7 GeV < ET < 20 GeV. Identification efficiencies are
shown in Fig. 5.2b for the three operating points.
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Figure 5.2: (a) Electron reconstruction efficiencies relative to reconstructed clusters measured in Z→ ee
events in simulation (open points) and data (closed points) collected in 2015+2016 as a function of η.
The inner uncertainties are statistical and the total show the statistical and systematic component [6].
(b) Electron identification efficiencies measured in Z→ ee events as a function of ET for the Loose,
Medium and Tight operating points. The vertical uncertainty bars represent the statistical (inner bars)
and total (outer bars) uncertainties [6].

Isolation The signature in the detector is similar for prompt electrons, originated from heavy
resonance decays such as Higgs, W or Z bosons, and for background electrons, which can be
originated from non-prompt decays of c- and b-hadrons, electrons from converted photons or even
light hadrons misidentified as electrons. Identification criteria used for rejecting such background
objects are enforced by requirements on the detector activity around a lepton candidate, referred to
as isolation. Two quantities are defined: the track-based pvarconeT and the calorimeter-based EconeT .

The former is defined as the scalar sum of the transverse momenta of the tracks associated to
the primary vertex in a cone around the lepton. Tracks are considered if pT > 1GeV, and the
pT of the tracks associated to the electron is excluded from the sum, as well as the associated
ones from e.g. converted bremsstrahlung photons. The size of the variable cone for electrons is
∆R =min(0.2, 10 GeV/pT), and the variable is referred as pvarcone0.2T . This is sensitive to charged par-
ticles only, but additional interactions from pp collisions can be suppressed due to the requirement
on the tracks to be originated from the primary vertex.

The EconeT is the sum of the transverse energy of the topological clusters in a cone around the
electron candidate. Topological clusters are built from neighbouring cells in the calorimeter that
have energy deposit above a certain threshold, which is estimated from noise from electronic and
pile-up simulations [108]. From the transverse energy of the clusters in the cone, an energy deposit
contained in a rectangular smaller cluster of ∆η×∆φ = 0.125×0.175 is subtracted to remove the
energy deposited by the electron, and pile-up effects are corrected for on an event-by-event basis.
Usually the size of the cone is ∆R = 0.2 and the variable is called Econe0.2T . To determine the isolation
criteria relative isolation variables are used, where the quantities defined above are divided by the
pT of the lepton candidate.
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Figure 5.3: Electron calibration energy scale factor α and additional constant term for the energy
resolution, measured in Z → ee events as a function of η. The bands on the top plots are the total
uncertainties, while in the bottom plots total and statistical uncertainties are depicted [109].

Isolation requirements are placed on the pvarcone0.2T and Econe0.2T . Different operating points are
defined for the isolation, depending on the target of the selection. A first class targets a given
isolation efficiency measured on Z→ ee events, either constant or as a function of ET. This is the
case for the Gradient isolation operating point with 90(99%) efficiency at 25(60) GeV [6]. A second
class has a fixed threshold on the isolation variable. This is the case of the FixedCutTight isolation.

Energy calibration This is performed in two steps, the first based on simulation through mul-
tivariate techniques, and a second in situ calibration [109]. The first step is performed with a
single-particle sample without pile-up, and covers the region 0 < |η| < 2.5. The technique is
the same as was used in Run1 [110] with some updates related to the reconstruction and the
insertion of the IBL. The multivariate analysis aims at finding the calibration constants to correct
the electromagnetic cluster for the energy loss in the material upstream of the calorimeter, the
energy deposits in neighbouring cells and the leakage beyond the liquid Argon calorimeter. To do
so simulations need to be corrected to reach an accurate modelling of the detector geometry and
material distribution, which is measured in data using the ratio of the energy in different calorimeter
layers. The response-calibration is applied to cluster energies both in data and simulation. To
account for residual disagreement between data and simulation an in-situ procedure is performed.
The miscalibration of the energy scale is parametrised by the different response between data and
simulations Edatai = EMCi (1 +αi), for a given η bin i . The difference in the energy resolution of data
and simulation, parametrised by Eq. (4.1), is quantified by an additional constant term for each η bin.
The two terms, shown in Fig. 5.3, are derived using Z→ ee events and applied both to electrons
and photons. The constant term lays between 1%-3% depending on the pseudorapidity region, the
energy scale for electrons from Z→ ee decays is measured with a precision better than one per mil
in the barrel and a few per mil in the endcaps, while the constant term is measured with a precision
between two and five per mil. The energy corrections derived on simulation are applied to data
while the resolution in simulation is corrected for the different resolution observed in data.
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Trigger Electrons are reconstructed and identified both at the L1 trigger level and at the HLT.
Regions in the calorimeter made of 4×4 trigger towers for a total size of ∆η×∆φ= 0.4×0.4 (see
Section 4.2.3) are used to calculate the energy, and the choice is made based on thresholds which
differ depending on the η region. A veto can also be set to certain values on the leakage into the
hadronic calorimeter, and requirements on the isolation can be put at this stage as well, on the
transverse energy contained in the ring-area around the core of the cluster. Regions of interest
are then identified, which are ∆η×∆φ = 0.4×0.4 areas where the L1 selection requirements are
satisfied (see Section 4.2.6), and the second trigger step can be performed.

At the HLT candidates are reconstructed and potential background electrons are already rejected in
order to decrease the rate. Fast algorithms related to the EM calorimeter build clusters starting
from the region of interest identified at L1. Requirements are imposed on quantities like the energy
deposited in the hadronic calorimeter, the shower shape, the energy difference between the first
two largest energy deposits in the clusters and the transverse energy of the cluster itself. Tracks are
matched to clusters before a second HLT step, where additional requirements are placed. Given an
offline identification algorithm and an isolation operating point, the trigger efficiency is defined as
the number of events selected by the trigger in a sample of events where reconstructed electrons
are identified by the offline algorithm.

Efficiency measurement The electron efficiency is given by the product of different efficiency
measurements for the reconstruction, identification, isolation and trigger. These are performed
separately, but each with respect to the previous step. For all the measurements a tag-and-probe
method is used, performed in two-dimensional bins of both ET and η. Samples of Z → ee and
J/Ψ→ ee are used, where a strict selection is applied to one of the electrons (tag) together
with some requirements on the di-electron system, so that the other electron of the pair (probe)
remains as unbiased as possible. The efficiency is then measured on the probe electron, after the
residual background has been accounted for. Since efficiencies in data not always match the ones
in simulation, simulated samples will need to be corrected for these differences. For this reason
efficiencies are measured in data and simulation and their ratio, the scale factor, is the final quantity
used as a multiplicative factor to correct simulated electrons. The use of the ratio accounts also
for the differences of efficiencies for electrons from different processes, like Z→ ee or J/Ψ→ ee,
because these residual effects are expected to cancel out in the ratio, making scale factors universal.
The combination of the measurements itself is done using these ratios. Measurements are performed
in two-dimensional bins of (ET, η) due to the dependency of the rates on these two variables and
scale factor values are usually close to unity. In Fig 5.4 the combination is shown for the product of
reconstruction, identification and isolation efficiencies as a function of ET.

The uncertainties related to the measurement are estimated by varying some parameters of the
measurement, such as the isolation criteria for the tag and the probe electron, the fit model for
signal and background or the signal invariant mass range.

Scale factors are determined with uncertainties around a few percent for ET around 5 GeV and
reaching less than 1% for ET values higher than 100 GeV.

In order to address the issue of the misidentification of an electron’s charge, in Run2 new studies
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Figure 5.4: Product of reconstruction, identification and isolation efficiencies for data in Z→ ee events
as a function of ET for different operating points. The inner uncertainties are statistical while the total
include the statistical and systematic components. The lower panel shows the ratio between data and
simulation results, and the relative statistical and total uncertainties [6].

have been performed and for the first time centrally produced charge misidentification scale factors
have been delivered. Chapter 6 is dedicated to these studies and measurements.

5.3 Muons

Muons leave a small fraction of their energy in the ID or in the calorimeters. They are reconstructed
by combining information mainly from the ID and the MS, and then identified with high efficiency.
A detailed description of the techniques can be found in [111], in the following an overview is
presented.

Reconstruction The information from the ID and the MS is reconstructed independently and then
combined to form the muon track. The technique used to combine them defines different muon
types.
The reconstruction in the ID is the same as described in Section 5.1. In the MS, track segments are
first formed starting from a search of hit patterns in each chamber. In the MDT, aligned hits in the
bending plane are searched for by applying a Hough transformation method [112]. Hits in the RPC
and TGC are used to measure the coordinates orthogonal to the bending plane. Track candidates are
then built by fitting information from different layers, using as seed the middle one and selecting
segments based on hit multiplicity and fit quality. At least two segments matched by using relative
position and angles are required to build a candidate, with the exception of the transition region
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between the endcaps and the barrel, where only a single high-quality segment can be used. The
same segment can be shared by more tracks, but an overlap removal procedure selects later the
best assignment. However, all tracks which share segments in the two innermost detector layers
are kept, if they have segments in all the three layers and do not share hits in the outermost one.
This ensures high efficiency in case of close-by muons reconstruction.

Depending on the subdetectors used in the reconstruction, four types of muons are defined. The
combined (CB) muons are reconstructed independently in the ID and MS and the combined track
is formed with a global fit that uses hit information from both subdetectors. They are defined
only in the |η|< 2.5 range. To extend the acceptance to the region not covered by the ID, in the
range 2.5 < |η|< 2.7 extrapolated muons (ME) are defined. The reconstruction is based only on the
information from the MS with a loose requirement on compatibility with an origin in the interaction
point. For muons with low pT or ending up in regions with reduced MS acceptance, the segmented-
tagged (ST) algorithm is used. A track in the ID is extrapolated to the MS and classified as muon if
associated with at least one segment in the MDT or CSC. In order to recover tracks in the areas of
the MS which are poorly instrumented, also the information from the calorimeter is included: if a
track in the ID can be matched to an energy deposit consistent with a minimum-ionising particle in
the calorimeter, it is identified as calorimeter-tagged (CT) muon.

Identification and isolation This is performed to suppress backgrounds but selecting at the same
time muons with high efficiency while ensuring a robust momentum measurement. Background
comes mainly from in-flight decays of pions and kaons in the ID, where tracks are usually distin-
guished by a “kink” in the reconstructed track. Quality requirements are applied on variables that
offer good discrimination between signal and background, as verified in simulated tt̄ events. For
CB muon tracks selections are applied for the q/p significance 2 and ρ′3. Also the normalised χ2 of
the combined track fit is considered in the identification criteria, while requirements on the number
of hits in the ID and MS are used to ensure a robust momentum measurement.

Among the four identification working points provided, two are considered in this analysis: the
Loose one for the muon pre-selection, and the Medium one. All muon types are used for the Loose
selection, which is designed to maximise the reconstruction efficiency while providing good-quality
tracks. The four classes are inclusive, so all the CB and ME muons satisfying the Medium requirement
are included in the Loose selection. The Medium identification criteria can be applied to minimise
the systematic uncertainties associated with the reconstruction and calibration, and only CB and
ME are used in this case. To select Medium muons, requirements on the number of hits in the MS
chambers are applied, as well as a loose selection on the compatibility between the ID and MS
measurement through the q/p significance variable.

Isolation is defined as for electrons in Section 5.2 using pvarconeT and EconeT variables. The calorimeter-
based variable EconeT uses the same ∆R = 0.2 as for electrons, and is named Econe20T , while the
track-based one has a ∆R = min(0.3, 10 GeV/pµT ), and is named p

varcone30
T . Seven isolation working

2Absolute difference between the ratio charge/momentum of the muon measured in the ID and in the MS, divided by
the sum in quadrature of the respective uncertainties

3Absolute value of the difference between the pT measured in the ID and MS, divided by the pT of the combined track.
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(a) (b)

Figure 5.5: (a) Reconstruction efficiency for Mediummuons as a function of pT in the region 0.1< |η|< 2.5
measured in Z→ µµ and J/Ψ→ µµ data and simulated events. The error bars indicate the statistical
uncertainty. The bottom pad shows the ratio of the efficiencies in data and simulation with statistical
and systematic uncertainties [111]. (b) Dimuon invariant mass resolution for Z→ µµ events for data
and corrected simulations as a function of the pT of the leading muon. The ratio of the fitted resolution
in data and simulation is shown in the lower pad. Both statistical and systematic uncertainties are
displayed [111].

points are available. The Gradient operating point is selected by requirements both on pvarcone30T /pµT
and Econe30T /pµT and chosen to have ≥ 90(99)% efficiency at 25(60) GeV.

Efficiency measurement The reconstruction efficiency [111] is measured with a tag-and-probe
method on Z→ µµ and J/Ψ→ µµ events, and is close to 99% for |η|< 2.5 and in the pT range
5 < pT < 100 GeV, as shown in Fig. 5.5a for the Medium selection. The isolation efficiency depends
on the selection and the muon pT, and varies from 93% to 100%. The simulation usually describes
those values well, but to account for small differences in muon reconstruction, identification,
isolation and trigger efficiencies, in analyses scale factors are applied to each muon, which are
of the order of a few percent away from unity. Furthermore a set of corrections is applied to the
simulated muon momentum as well, to account for momentum scale and resolution differences
between data and simulation. In particular the momentum scale correction accounts for the material
traversed by the muons before the MS and the related energy loss and it is usually around a few
percent.
The resolution is obtained by fitting the width of the invariant mass peaks and is displayed in
Fig. 5.5b for Z→ µµ events. The relative muon pT resolution ranges from values smaller than or
equal to 2%, up to 2.9%, and is larger for larger |η| values.

5.4 Jets

The quarks and gluons produced in the collisions can undergo soft and collinear showering and
then hadronise, appearing in the detector as collimated showers of energetic hadrons, and photons
from their decays. They are commonly denoted as jets, and are observed in the ATLAS calorimeter
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as energy deposits [113].

Jets are first reconstructed out of energy information in the calorimeter but then need to be
associated to tracks in the ID and calibrated, as detailed in [114]. Neighbouring cells in the
calorimeter with energy deposit above a certain threshold - estimated from noise from electronic
and pile-up simulations - are considered for building so called topological clusters. These are
treated as massless particles assumed to originate from the geometrical centre of the detector,
and are the inputs for reconstruction algorithms. The one most commonly used in ATLAS is the
anti-kt [115] one, a jet-clustering algorithm that generalises the existing sequential recombination
jet algorithms [116,117]. The radius parameter ∆R, which defines the extension of the jet, is chosen
as ∆R = 0.4 throughout this thesis.

Jets are reconstructed at the electromagnetic scale, which corresponds to the energy deposited by
particles that interact electromagnetically. The construction is therefore initially done assuming
energy depositions in the calorimeter by particles produced in electromagnetic showers, then jets
need to be calibrated by scaling their energy to the truth jet energy scale (JES), that follows a local
calibration step.

Using the same anti-kt algorithm, truth jets are built out of stable interacting particles from
simulation (with lifetime > 10-10 s, and excluding muons and neutrinos), and are geometrically
matched to the reconstructed calorimeter jets within a distance ∆R = 0.3. Truth jets are used in the
calibration procedure that combines methods on both simulation and data, and is performed in
several steps. It corrects the jet direction to point to the primary vertex rather than the centre of
the detector. It also accounts for pile-up by removing the contribution of particles of infinitesimal
momentum from the pT of each jet, and then deriving a residual correction. Afterwards a simulation-
based calibration is performed to correct both energy and direction of the jet to the one matched at
truth level. A further step aims at reducing the dependency of the JES on the particle composition
and their energy distribution inside the jet, which affects the longitudinal and transverse features of
the jet. A residual in situ calibration is performed on data, to account for differences in jet response
with respect to simulations. This is done by balancing the jet pT against well-measured reference
objects, photons, Z bosons or other jets, and the corrections obtained are applied to data jets.

Roughly 80 JES uncertainty terms are related to the final calibration, most of them accounting for
assumptions on the event selection, simulation, sample statistics and propagated uncertainties
or uncertainties related to the use of other objects. Also pile-up uncertainties, differences in jet
response in simulation and data and simulated jet composition play a role. Uncertainties are around
4.5% at 20 GeV, while they are between 1-2% for 200 GeV < pT < 2 TeV for central jets. They are
fairly constant with respect to η and there are dedicated uncertainties introduced for 2.0 < |η|< 2.6
to account for details in the calorimeter energy reconstruction. In Fig. 5.6 the JES uncertainties for
2015 data is depicted for jets of η = 0.

The resolution is measured using a multi-step process and is parametrised as function of three terms:
the noise, the stochastic effect from the sampling nature of the calorimeters, and the constant term.
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Figure 5.6: Combined uncertainty in the JES of fully calibrated jets as a function of the jet pT at
η = 0. Uncertainties include pile-up and the ones propagated from Z/γ∗+jets (absolute in situ) and
η-intercalibration (relative in situ). The flavour composition assumes the quark and a gluon composition
taken from PYTHIA dijet simulation [114].

b-jet tagging The long lifetime, high mass, and decay multiplicity of b-hadrons are exploited by
algorithms in order to identify jets containing b hadrons. Several have been developed [118], and
the most discriminating variables resulting from these are combined in artificial neural networks.
The one used in Run2 is the MV2c10 algorithm [119], it makes use of boosted decision trees (BDTs)
and exploits the improved tracking software. To measure the efficiency for a b-hadron to be tagged
by the algorithm, two methods are used [119], a tag-and-probe one and a combinatorial likelihood
approach. For both efficiencies are measured in data and simulation to compute scale factors which
are close to one with uncertainties ranging from 2% to 12% depending on the jet pT. Different
b-tagging operating points are defined, based on the output of the b-tagging algorithm. They
correspond to 60%, 70%, 77% and 85% b-tagging efficiencies in simulated tt̄ events. Two sets are
provided depending on whether the stated efficiency is averaged over the pT spectrum but varies
with jet pT, or the efficiency is constant over pT but the cut value changes. The scale factors are
applied in simulated events per jet in analyses to correct event rates after a b-tagging requirement.

5.5 Missing Transverse Momentum

Particles not interacting inside the detector, which within the Standard Model are neutrinos only,
are indirectly reconstructed by exploiting momentum conservation in the transverse plane [120].
The longitudinal momenta of the interacting partons are unknown, but their transverse momenta
are usually negligible compared to momentum transfers in hard scattering interactions. Hence,
the negative transverse momentum imbalance of the final state particles corresponds to the total
transverse momentum carried by undetected particles. This quantity is typically referred to as the
missing transverse momentum EmissT , whose x and y components are [120]

Emissx(y) = Emiss,e
x(y)

+Emiss,γ
x(y)

+Emiss,τ
x(y)

+E
miss,jets
x(y)

+Emiss,µ
x(y)

+Emiss,soft
x(y)

.
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Figure 5.7: The rootmean square width of theEmiss
x(y)

distributions in bins of the number of primary vertices
in an inclusive sample of Z→ µµ events for data and Monte Carlo (MC) simulation. The shaded bands
represent the combined statistical and systematic uncertainties on the resolution measurement [120].

The first five contributions in the sum are the so-called hard terms, i.e. the x(y) components of the
negative vectorially summed transverse momenta of the respective calibrated objects: electrons,
photons, taus, jets and muons. The last term comprises the tracks in the event not associated to
the reconstructed hard objects but still originating from the hard-scatter primary vertex, or it uses
energy clusters in the calorimeter not associated with hard objects.
The EmissT vector is constructed out of Emissx(y), hence its modular value is

EmissT =

√(
Emissx

)2
+
(
Emissy

)2
,

and its azimuthal angle φmiss is given by

φmiss = arctan
(
Emissx /Emissy

)
.

The performance and features of the reconstruction of the EmissT are evaluated in W → `ν events,
where genuine EmissT is expected, and in Z→ µµ events, where it is not [120]. The modelling of
the different components is evaluated in data and simulation, and the response and resolution are
measured and studied as a function of the pile-up activity. The resolution is measured in terms of
the root mean square width of the Emissx(y) distribution, which is shown in Fig. 5.7 for Z→ µµ events.
It ranges from 10–15 GeV, with a 10% difference between data and simulation in the region of
higher pile-up activity.
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6 Measurement of Charge Misidentification
Probabilities

The electric charge of electrons1, which are reconstructed as detailed in Ch. 5, is determined from
the curvature of the primary tracks in the ID associated to them.
This chapter is dedicated to studies and measurements related to the electron charge misidenti-
fication. After the description in Section 6.1 of the data and simulated-events samples used, the
categorisation of electrons performed in simulation is explained in Section 6.2, while the tracking
and kinematic features of electrons with misidentified charge are presented in Section 6.3. These
offer a base of concepts for Section 6.4, where a measurement of electron charge misidentification
probabilities and corrections to their modelling in simulation are presented.

6.1 Dataset and Simulated Samples

The data used for the measurement were collected by the ATLAS detector in 2016, from pp collisions
at
√
s = 13 TeV. The data quality is ensured by requiring that detectors were operating nominally,

and the integrated luminosity available amounts to 33.9 fb-1.
A Z→ ee sample is generated with POWHEG-BOX v2 [121–124], and interfaced to PYTHIA 8.186 [125]
for the parton shower. The PDF set used for the matrix element is the CT10 [126], while non-
perturbative effects are modelled with the AZNLO tune [127] and the CTEQ6LI PDF set.
To simulate the pp collisions from pile-up PYTHIA 8.186 is used with the MSTW2008LO PDF [128],
and simulated events are reweighted to match the data distribution of the average number of
interactions per proton bunch crossing.
As discussed in Section 3.2 the interactions of the particles with the ATLAS detector are simulated
and the reconstruction procedures used for data are used to reconstruct the particles. Details on
electron reconstruction are given in Section 5.2, where the description of the identification and
isolation operating point used in the following can be found as well. For each electron both the true
quantities at event generation and simulation stage, and the reconstructed quantities at detector
level are studied. Reconstructed particles are matched to true particles, to be used as a reference
to assess the reconstruction. The choice of the matched true particle is based on variables that
quantify how likely the true particle caused the detector responses that led to the reconstruction of
that specific particle.2 After truth matching, other algorithms [130] classify the true objects. This
is generally done based on the parent of each truth-matched particle, and in most cases this is
sufficient to univocally identify signal or background objects for a specific process. However special
care needs to be taken to classify electrons, especially when performing charge misidentification
studies and measurements.

1In this context the name electron will refer either to electron or positron unless specified.
2The main quantity to evaluate this likelihood is the truth matching probability. It is the ratio of the number of hits in
the ID caused by the true electron to the number of all ID hits of the electron’s reconstructed track, weighted based
on the average number of expected measurements in each subdetector [94,129].
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Figure 6.1: Schematic representation of the chain of bremsstrahlung emission and pair production
processes of an electron generated from a Z boson. One of the two electrons which stems from the Z
boson in the generation step emits a bremsstrahlung photon in the detector simulation phase, and an
electron–positron pair is produced. The process is iterated due to further interactions with the detector
material, and the reconstruction algorithm reconstructs the electron from pair production, which has a
different charge with respect to the generated one. The true electron matched to the reconstructed one
in these cases is usually the simulated electron from pair production (green circle), while the original
one that has to be used for charge comparison is the generated one (blue circle).

6.2 Electron Classification in Simulation

The classification becomes crucial for cases of an electron’s interaction with detector material
resulting in the emission of a bremsstrahlung photon that converts into an electron–positron pair.
This is studied in the following for Z→ ee decays, but could be extended to W or Higgs boson
decays, or other physics processes where electrons can be produced at generation-level. For the
studies only electrons generated from the Z decay are considered, i.e. not deriving from background
processes such as hadron decays or pair production of final or initial state radiation photons. In
cases where the generated electron interacts with the material of the ID and produces a photon
with subsequent conversion into an electron–positron pair, the reconstructed electron can be one
of the two electrons from the photon conversion. In this case, based on the electron reconstruction
procedure, the energy deposition in the electromagnetic calorimeter of one of the electrons from
conversion can be matched to a track in the ID coming from the original electron. In these cases the
truth-matched electron is the one originating from the photon conversion. However, the generated
electron determines the true charge.
In Fig. 6.1 this truth matching procedure is schematised for an electron generated from the Z
boson, that produces a bremsstrahlung and conversion chain during the simulation phase. The
true electron matched to the reconstructed one is one of the electrons from the photon conversion
produced in the GEANT simulation (encircled in green), while the generated electron from the Z
boson (encircled in blue) is the one to be used as reference to asses the charge assignment. This
will be referred to in the following as original.
The details on the selection procedure for the original electron using the truth information are
given in Appendix A.
Based on these considerations, the electrons classified as prompt in a Z→ ee sample are:

• signal electrons generated directly from the Z boson, labelled as single-track in the following;

• electrons from conversion of bremsstrahlung photons, for which it is possible to trace back
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Figure 6.2: (a) Reconstructed invariant mass of the two electrons in a Z→ ee simulated sample. The
contribution from signal electrons from Z (single-track) or electrons from conversion of bremsstrahlung
photons that stem from signal electrons (conversion) are shown superimposed. They form together the
class of prompt electrons for which the charge misidentification measurement is meaningful, and they
are the largest fraction of events in a simulated Z→ ee sample. (b) Reconstructed invariant mass of
prompt electrons in a simulated Z→ ee sample split into events where both electrons are reconstructed
with the correct charge and events where one of the two electrons or both are reconstructed with the
wrong charge.

the original signal electron generated from the Z boson at generation-level. They are labelled
as conversion in the following.

A Z→ ee sample mostly produces prompt electrons, even without a specific kinematic selection.
This can be seen in Fig. 6.2a, where the two components of the prompt definition, i.e. single-track
and conversion electrons, are shown as well. The main contribution to the prompt electrons comes
from the single-track ones, whilst a smaller fraction comes from conversions.
The fraction of prompt electrons in a Z→ ee sample with wrongly identified charge is expected
to be small. This is visible in Fig. 6.2b where the events with prompt electrons are split into
events where the charge assignment is correct for both electrons and where one of the two or both
are misreconstructed. For this, the reconstructed electron charges are compared to those of the
respective original electrons, as previously defined.
In case of single-track electrons the misidentification happens in less than 1% of the cases, which
is visible in Fig. 6.3a and 6.3b where all single-track electrons are shown together with the wrong
track ones. The conversion case is examined in Fig. 6.3c and 6.3d. The wrong-charge assignment
reaches up to 40-50% of all conversion electrons, since the probability of reconstructing the electron
or the positron is the same. It is notable, that the wrong charge electrons populate large η ranges
for both families, and their pT distribution is shifted towards higher values. These dependencies
will be further analysed in Section 6.3.
Photon conversion is thus the main contribution to the wrong charge assignment for prompt
electrons in general, accounting for up to 80% of all cases of misidentification assignments. This
is visible in Fig. 6.4, where the transverse momentum and the pseudorapidity distributions for
wrong charge events are shown and the contributions of the single-track or conversion electrons
are presented superimposed.
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Figure 6.3: Reconstructed transverse momentum (a,c) and pseudorapidity (b,d) distributions for all single-
track electrons (top) and electrons from conversion of bremsstrahlung photon (bottom), superimposed
to the wrong charge cases. For the single-track cases the wrong charge distribution is scaled by a factor
of 100 to be visible. The fraction of wrong charge electrons is shown for each case in the lower panel.
Both electron candidates from Z→ ee simulated process are used.
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Figure 6.4: Reconstructed transverse momentum (a) and pseudorapidity (b) distributions for wrong
charge electrons from simulatedZ→ ee events. The impact of the two sources is depicted superimposing
the distributions of electrons from conversion processes and single-track from Z boson decays.
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6.3 Properties of Charge Misidentification

It is useful to categorise the causes of charge misidentification into two main families:

• the matching of the wrong track to the electron candidate;

• the misreconstruction of the curvature of the correct track.

In this context the “correct” track refers to the one produced by the primary electron, as defined in
Section 5.2.
The conversion of bremsstrahlung photons discussed in the previous section belongs to the first
family, since at least three particles are present in close proximity, with the chance of picking a
wrong one with the wrong charge. Early interactions of electrons in the beam pipe or the innermost
pixel layer can result not only in one bremsstrahlung emission, but multiple ones. This is shown in
a single-electron event display in Fig. 6.5. Beside the photon conversion, tracks with insufficient
number of pixel hits can be lost and other tracks in the ID can be matched to energy deposits in the
electromagnetic calorimeter. These cases belong to the wrong track-matching category as well.
The second family of charge misidentification sources refers to the wrong reconstruction of the
curvature of the correct track. This is the cause of misidentification for the single-track electrons,
i.e. for signal electrons with unambiguous track assignment. The misreconstruction of the curvature
is primarily relevant for high pT electrons due to their nearly straight tracks.
Properties of the different categories are studied in the Z→ ee POWHEG sample, where unbiased
electrons are obtained with a tag-and-probe method, which has been introduced in Section 5.2.
It imposes very tight selection criteria on the tag electron which is used to select the events, in
order to extract properties of the probe, which is thus not affected by selection biases. The Tight
identification operating point is used for tag electrons, while probe electrons are selected with the
Loose operating point. The counted tracks are the ones associated to the electron’s cluster, while
the kinematic properties are the ones of the reconstructed electrons.
Electrons with correct track assignment and correct charge are most likely to have one track
candidate, as it is visible in Fig. 6.6a. Electrons with a misassigned track tend to have large track
candidate multiplicity, in particular they have a most probable value of three tracks, regardless
of whether the charge is correctly or wrongly reconstructed. In general wrong-track electrons
with correct or incorrect charge reconstruction have very similar properties because the charge
reconstruction is in effect random for them.
From Fig. 6.6b, where the pseudorapidity of the reconstructed electrons is shown, it is visible
how the electrons with wrong charge assignment follow the material distribution inside the inner
detector, described in Section 4.2.2. Indeed most of the electrons with the charge wrongly assigned
are in the range 1.5 < |η|< 2.2, corresponding to a region in the inner detector with relative large
amount of material, as shown in Fig. 4.5. The effect of the charge misidentification related to the
shape distortion of the track is highly visible in the η distribution, especially with the increase of
passive material at larger |η|.
For electrons that are reconstructed with the correct track and charge assignment, the energy
deposited in the cluster of the electromagnetic calorimeter mainly corresponds to the electron’s
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Pixel

SCT

TRT

Figure 6.5: Event display of a simulated event, taken from a sample of single-electron events generated
with flat η and pT distribution in the 3.5 GeV < pT < 100 GeV range, followed by a linear ramp down
to 300 GeV and a flat distribution again up to 3 TeV. The electron has been associated with a wrong
track, and hence electric charge. The reconstruction in the detector is depicted in the transverse view,
with red hits visible in the pixel detector with the IBL included and in the SCT. The TRT hits are
present but not shown. The electromagnetic calorimeter is represented in green. Two tracks (cyan, both
approximately ET = 20 GeV and of opposite charge) have been reconstructed from hits in the ID and
have been associated to the energy cluster in the electromagnetic calorimeter (yellow) corresponding
to ET=40 GeV. In reality, neither track originates from the primary electron, since an early interaction in
the beam pipe or innermost pixel layer has resulted in the creation of multiple electrons and photons
producing hits used to reconstruct the tracks. Adapted from [6].

energy, except some late radiation. This is visible in Fig. 6.6c, where the distribution of the ratio
between the cluster energy and the track momentum peaks at E/p = 1 for such electrons. For
correct track electrons which have the wrong charge the largest probability is at E/p = 0, showing
that the momentum of the track is much larger compared to the energy deposited in the cluster.
This indicates that electrons with misreconstructed charge belonging to this type are mainly straight
tracks with poorly measured momenta, since the relative momentum resolution scales with 1/pT.
The distribution for conversion electrons is broader, and in general there is a significant fraction of
events with E/p , 1, due to a wrong track being matched to the candidate electron or a wrong track
curvature being measured, that results in an erroneous measurement of the electron’s momentum.
The small peak visible in the distribution for wrong track and wrong charge electrons is also related
to the imperfection in the truth classification mentioned above, which brings contamination from
electrons of the correct-track family.
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Figure 6.6: Kinematic and tracking properties of electrons from a simulated Z→ ee sample. The multi-
plicity of track candidates associated to an electron’s cluster (a), the pseudorapidity of the reconstructed
electron (b), the energy-to-momentum ratio where the energy is the cluster one and the momentum
is the track momentum (c) are shown. The distributions are shown for reconstructed electrons where
the track is correctly reconstructed and the charge correctly assigned (blue), the track is correctly
reconstructed but the charge assignment is wrong (red), the wrong tracks is picked but the charge is
still correctly assigned (green), the wrong track is picked and the charge is wrongly assigned (yellow),
all with respect to the primary electron. The distributions are normalised to the same area [6].

6.4 Modelling Correction Factors

The charge misidentification is mainly related to the interaction of the electrons with the material
in the detector, whose description can be mismodelled in simulation. Therefore, correction factors
are applied to simulation to be used for measurements sensitive to charge misidentification. These
corrections are the scale factors and are built with the charge misidentification probabilities,
measured in Z → ee simulated events and data, where the measurement can not distinguish
among the classifications discussed in the previous section. Probabilities and correction factors
are measured for five operating points. In particular the Tight and Medium identification operating
points are combined with FixedCutTight and Gradient isolation ones. A further selection is applied in
one case, which refers to a dedicated BDT [6] variable aiming at reducing the charge misidentification
probability. The BDT is trained on variables related to the electron’s track, electromagnetic shower
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Table 6.1: Electron selection for one operating point used in themeasurement of chargemisidentification
probabilities.

Electron selection

Identification Tight
Isolation FixedCutTight
Trigger Single Electron trigger
pe0,e1T > 25 GeV
Cluster |η| <2.5, < [1.37, 1.52]
|d0/σd0 | < 5
|z0× sinθ| < 0.5mm

Table 6.2: Binning and kinematic ranges for the measurement of charge misidentification probabilities.

Nominal measurement

Cluster |η| bin borders [0.0, 0.60, 1.10, 1.37] and [1.52, 1.70, 2.30, 2.50]
pT bin borders [25, 60, 90, 130, 1000] GeV
Nominal Z central mass window 75 <mee < 105 GeV
Nominal sidebands 55 <mee < 70 GeV and 110 <mee < 125 GeV

and combined tracking and calorimeter quantities, and is optimised aiming at the best rejection
of wrong-charge electrons given an efficiency loss of 3% for correctly-reconstructed electrons. In
the following, the procedure and results for the Tight identification and FixedCutTight isolation
selection will be shown, and a comparison among three operating points will be given at the end.

6.4.1 Probabilities Measurement

The samples used for the measurement are described in Section 6.1. The kinematic requirements
for the electrons are listed in Table 6.1 for the specific operating point presented in this chapter.
The single-lepton trigger [93] requires each event to have at least one lepton passing the trigger
thresholds, and ensure that at least one of the two signal leptons is matched to the trigger object.

In dielectron data events it is not possible to determine which of the two electrons underwent
charge misidentification, hence charge misidentification probabilities are measured simultaneously
in a likelihood fit. The use of this method in this case is preferable compared to a tag-and-probe
procedure. In order for this method to be used for charge misidentification probabilities extraction,
an assumption should bemade that the probe electron is the one affected by charge misidentification
due to the looser identification and isolation requirements. The use of a likelihood method instead,
does not imply any assumption on which of the two electrons underwent charge misidentification,
and requires to have the same identification and isolation criteria on the two electrons.

The construction of the likelihood function starts from the Ansatz that in the absence of background,
given the probabilities εi and εj for a wrong charge reconstruction of each of the two electrons in a
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bin-pair i and j , the number of expected same-charge events nexpSC is given by

nexpSC = np = n
[
(1−εi)εj +

(
1−εj

)
εi
]
. (6.1)

The total number of events n, counted in this case in a Z mass window in the selected bin–pair,
is multiplied by the probability p to have exactly one of the two electrons reconstructed with the
wrong charge, p = (1−εi)εj +

(
1−εj

)
εi . The probability to observe within the same mass range

and in the same bin–pair a number nSC of same-charge events can be expressed using binomial
counting as

P (nSC) =

(
n
nSC

)
pnSC (1−p)n−nSC . (6.2)

This can be approximated by a Poissonian distribution for large n and small p

P
(
nSC|εi ,εj

)
=

(nexpSC )nSCe−n
exp
SC

nSC!
, (6.3)

where nSC is the measured number of same-charge events and the dependency on the charge
misidentification probabilities becomes explicit in the expression of nexpSC in Eq. (6.1). The single-
bin–pair likelihood function can now be defined and corresponds to

L(εi ,εj)≡ P
(
nSC|εi ,εj

)
. (6.4)

The charge misidentification probabilities are obtained by minimising the sum of the negative
logarithm of the likelihood function over all bins

− lnL=−
∑
i ,j

lnL(εi ,εj). (6.5)

In this way, all the combinations (1,j ) and (i ,1) are used to determine the charge misidentification
probability in bin 1, and similarly for the other bins.

The likelihood fit is performed double-differentially in pT and absolute cluster pseudorapidity of
the electrons. The function is built by counting events in a fixed range of 15 GeV around the Z
boson mass, where a fraction of events with the same-charge is expected due to wrong charge
assignment during the charge reconstruction. Electrons are counted in 24 bins of (pT, |η|) to
reflect the dependency of the charge misidentification probability on these two quantities, as seen
in Section 6.3. The transition region of the calorimeter 1.37 < |η| < 1.52 is excluded from the
measurement3. The range and binning are summarised in Table 6.2.

The background contribution in data mainly comes from hadronic jets, Dalitz decays4 of neutral
pions and semi-leptonic decays of heavy-flavour hadrons. The number of same-charge events
coming from these processes that enter the mee window used for the event counting is estimated

3The probabilities measured in the |η| bin 1.10 < |η|< 1.37 are also provided for electrons in the bin 1.37 < |η|< 1.52.
This because being the charge mainly determined with the information from the ID, the transition region of the
electromagnetic calorimeter does not have an impact on the trend of the charge misidentification probability.

4Dalitz decays refer generally to all four body processes involving a massive particle decaying into one massless boson
and two fermions. In this case it refers mainly to the process π0→ γe+e−.
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Figure 6.7: Distribution of the invariant mass of electron pairs with opposite charge (closed black circles)
and same charge (open red circles) for the same pT bin 25 GeV < pT < 60 GeV and for 0.0 < |η|< 0.6 (a)
and 2.30< |η|< 2.47 (b). The estimated number of events coming from background processes is depicted
as a red (black) line for same-(opposite-)charge events. The hatched bands show the uncertainties
assigned. Electrons are selected with the requirements detailed in Table 6.1 and both distributions are
scaled to the same unit area [6].

with a sideband subtraction method. Low- and a high-mee sidebands are defined as detailed in
Table 6.2 and the number of same-charge events nbkg,low/highSC is measured in each of them. The
number of same-charge events in the central Z mass window coming from background processes
nbkgSC is extrapolated assuming a linear background distribution

nbkgSC =
1

2

(
nbkg,lowSC +nbkg,highSC

)
.

This is taken into account in the likelihood function in the number of expected events nexpSC . This
number consists therefore of two contributions, i.e. the number of expected events from charge
misidentification of electrons from Z→ ee decays and the number of same-charge events coming
from the background. Hence, the expression of nexpSC in the likelihood function is

nexpSC = n
[
(1−εi)εj +

(
1−εj

)
εi
]

+nbkgSC . (6.6)

The background contribution in opposite-charge events is much smaller than both the contribution
from genuine electrons and the background yield in same-charge events, and is therefore neglected.
This is shown in Fig. 6.7, where the dielectron invariant mass distribution mee is depicted for
same-charge and opposite-charge data in the same pT range for two |η| bins separately. The
opposite-charge background is shown but not accounted for in the measurement, and is obtained
by applying the sideband subtraction method to all events, and subtracting the same-charge
contribution. The same-charge background contribution used in the subtraction is included in the
figure but very small as well, and is counted in the low- and high-mee sidebands and extrapolated
linearly in the central mass region.

The same-charge background events considered for the subtraction in the central window do not
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contribute to the probabilities measurement, as also visible from Eq. (6.6), since they are counted
regardless of their same-charge being genuine or deriving from charge misidentification.
The resulting probabilities are shown in Fig. 6.8 as a two-dimensional (pT, |η|) map, and as a function
of pT and |η| separately for all bins.
The charge misidentification probabilities are shown for different operating points in Fig. 6.9 as
a function of ET and |η|. The Tight and Medium identification operating points are compared,
combined with the FixedCutTight isolation operating point in both cases. One operating point
includes a selection on the BDT variable. From the charge misidentification probabilities shown in
the figure, the BDT requirement is proven to be effective in suppressing the charge misidentification.

6.4.2 Scale Factors Measurement

The charge misidentification probabilities measured both in data and simulation with the likelihood
method typically agree within 10%. However differences can become as large as 30% for some
kinematic regions. This is visible in Figs. 6.10 and 6.11, where they are shown for all the pT and |η|
bins, together with their ratio.
In order to correct the efficiencies in the simulation, and hence make the probability of misidentifi-
cation match the one observed in data, scale factors are extracted. These are computed differently
depending on whether an electron has its charge wrongly reconstructed or not. The scale factors
for wrong-charge and right-charge electrons are given by

SFwrong =
εdata
εMC

SFright =
1−εdata
1− εMC

, (6.7)

and the ones for wrongly reconstructed electrons are shown in Fig. 6.12, together with the respective
statistical uncertainties. The scale factors for wrongly reconstructed electrons reach a deviation
from unity of up to 30%, while the corrections to right charge electrons never exceed 0.5% and
are shown in Fig. C.5 in Appendix C. By weighting both correct- and wrong-charge electrons the
normalisation of the sample remains invariant.
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Figure 6.8: Charge misidentification probabilities as a two-dimensional map in (pT, |η|) (a) and as a
function of the electron pT (b) and |η| (c). Electrons are selected with the Tight identification and
FixedCutTight isolation operating point. Only statistical uncertainties are shown.
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Figure 6.9: Charge misidentification probabilities as a function of ET (a) and |η| (b) for different operating
points. Two identification operating points, Tight and Medium are compared, while an additional re-
quirement is imposed for the third point, on a BDT dedicated to the charge misidentification suppression.
The FixedCutTight isolation is the same in all three cases. The inner uncertainties are statistical while
the total include statistical and sytematic uncertainties [6].

62



6. Measurement of Charge Misidentification Probabilities Modelling Correction Factors

T
p

m
is

ID
∈

3−10

2−10

1−10

1

Data
MC

, data 2016-1 = 13 TeV, 33.9 fbs
| < 0.6η0.0 < |

T
p

40 60 80 100 120 140

D
at

a/
M

C

0.6

0.8

1

1.2

1.4

m
is

ID
∈

3−10

2−10

1−10

1

Data
MC

, data 2016-1 = 13 TeV, 33.9 fbs
| < 1.1η0.6 < |

T
p

40 60 80 100 120 140

D
at

a/
M

C

0.6

0.8

1

1.2

1.4

m
is

ID
∈

3−10

2−10

1−10

1

Data
MC

, data 2016-1 = 13 TeV, 33.9 fbs
| < 1.52η1.1 < |

T
p

40 60 80 100 120 140

D
at

a/
M

C

0.6

0.8

1

1.2

1.4

m
is

ID
∈

3−10

2−10

1−10

1

Data
MC

, data 2016-1 = 13 TeV, 33.9 fbs
| < 1.7η1.52 < |

T
p

40 60 80 100 120 140

D
at

a/
M

C

0.6

0.8

1

1.2

1.4

m
is

ID
∈

3−10

2−10

1−10

1

Data
MC

, data 2016-1 = 13 TeV, 33.9 fbs
| < 2.3η1.7 < |

T
p

40 60 80 100 120 140

D
at

a/
M

C

0.6

0.8

1

1.2

1.4

m
is

ID
∈

3−10

2−10

1−10

1

Data
MC

, data 2016-1 = 13 TeV, 33.9 fbs
| < 2.5η2.3 < |

T
p

40 60 80 100 120 140

D
at

a/
M

C

0.6

0.8

1

1.2

1.4

Figure 6.10: Charge misidentification probabilities for data and simulation as a function of pT for the
six |η| bins (top panels). The ratio εdata/εMC is shown (bottom panels). Electrons are selected with the
Tight identification and FixedCutTight isolation. Only statistical uncertainties are shown.
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Figure 6.11: Charge misidentification probabilities for data and simulation as a function of |η| for the
four pT bins (top panels). The ratio εdata/εMC is shown (bottom panels). Electrons are selected with the
Tight identification and FixedCutTight isolation. Only statistical uncertainties are shown.
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Figure 6.12: Charge misidentification scale factors for wrongly reconstructed electrons for electrons
selected with the Tight identification and FixedCutTight isolation operating point. Only statistical
uncertainties are shown.

6.4.3 Systematic Uncertainties

The systematic uncertainties on the scale factors are derived from four variations in the procedure
of the probabilities measurement. Two variations concern both the measurement in data and
simulation, whilst two affect either simulation only or data only. The differences between the varied
scale factors and the nominal one are symmetrised and considered as systematic variations which
are combined in quadrature to obtain the total systematic uncertainty. For the two cases where the
variation affects data and simulation, the probabilities are varied coherently and only the effect on
the scale factors is studied, i.e. effects that are well modelled are allowed to cancel in the ratio.

The systematic uncertainties associated with the choice of the Z boson mass window used to count
same- and opposite-charge events are evaluated both for data and simulation. This is done by increas-
ing and decreasing the range, measuring two sets of probabilities in the 70 GeV < mee < 110 GeV
and 80 GeV <mee < 100 GeV windows, and computing two sets of scale factors. The sidebands
maintain the definition in Table 6.2. The maximum variation between the nominal scale factor in
each bin and the one obtained with a different mee window is assigned as systematic uncertainty.
This uncertainty targets the dependency of the scale factors on the dielectron invariant mass, and it
accounts for the shift of the same-charge distribution towards lower mee values, which can bias the
probabilities measurement.

A further source of systematic uncertainty is the trigger selection on the electrons, which impact
probabilities both in data and simulation. Differences can exist in scale factors for electrons that
were selected by the trigger and those that were not. The nominal measurement requires both of
them to pass the trigger selection. This systematic uncertainty source is estimated by obtaining
a second set of scale factors with data and simulation probabilities where only one electron is
required to fire the trigger.

A closure test is performed, using the true electron charge. The charge misidentification probabilities

65



Modelling Correction Factors 6. Measurement of Charge Misidentification Probabilities

25.1072 24.7319 40.5137 12.9271

20.2263 20.9373 18.1631 6.3299

19.3735 16.5846 12.0045 9.4557

7.1158 9.6628 5.2329 5.1226

1.8262 8.1990 3.7518 8.2770

8.9404 5.2737 4.5356 3.9074

 [GeV]
T

p
40 60 80 100 120 140

|η|

0

0.5

1

1.5

2

2.5

5

10

15

20

25

30

35

40

45

50
, data 2016-1 = 13 TeV, 33.9 fbs

(a)

0.0032 0.0194 0.0573 0.0356

0.0042 0.0428 0.0700 0.0600

0.0036 0.0844 0.1010 0.1491

0.0255 0.0582 0.1534 0.2065

0.0321 0.1844 0.1367 0.4874

0.2182 0.2768 0.3144 0.4416

 [GeV]
T

p
40 60 80 100 120 140

|η|

0

0.5

1

1.5

2

2.5

5

10

15

20

25

30

35

40

45

50
, data 2016-1 = 13 TeV, 33.9 fbs

(b)

Figure 6.13: Relative total systematic uncertainties in percent on scale factors for wrongly (a) and
correctly (b) reconstructed electrons, selected with the Tight identification and FixedCutTight isolation
operating point.

in simulation can be obtained as the ratio of the number of wrong charge electrons to all electrons
in a certain (pT, |η|) bin i

εtruei =
(wrong charge electrons)i
(all prompt electrons)i

, (6.8)

where all prompt electrons refers to all the electrons that satisfy the prompt criteria from Section 6.2.
A set of scale factors is obtained using the nominal data probabilities and the ones from simulation
obtained as in Eq. (6.8). The difference between the nominal set of scale factors and the new one is
considered as the third source of systematic uncertainty.
The full size of the estimated background is assigned as a systematic uncertainty to account for the
shortcomings of the simple sideband subtraction.
The four uncertainties are added in quadrature to obtain the total systematic uncertainties for
both electrons with correctly and wrongly reconstructed charge. The relative values are shown for
the two cases in Fig. 6.13, while Fig. 6.14 shows the four different contributions individually in
absolute values for wrongly reconstructed electrons. The largest contribution to the uncertainty
comes from the trigger selection which can result in a 20% variation of the nominal value for certain
bins, in particular for low |η| values and high pT. The variation of the mee window is the smallest
contribution to the total uncertainty. Systematic uncertainties for correctly reconstructed electrons
are below one percent, while for misreconstructed electrons span a wide range that can reach 15%
or more in certain bins.
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Figure 6.14: Systematic uncertainties in absolute values for scale factors for wrongly reconstructed
electrons. The uncertainties are shown individually for the Z mass window variation (a), the trigger
selection (b), the truth closure (c) and the background subtraction (d). Electrons are selected with the
Tight and FixedCutTight isolation operating point.

6.4.4 Results For theW±W±j j Analysis Selection

The selection criteria applied by the W±W±j j analysis, that will be the object of Ch. 7, 8 and 9,
slightly differs from the operating points for which the scale factors are provided. Electrons in the
analysis are selected with the provided Tight and Gradient isolation operating point, but the two
the main differences lay in the pT threshold, which is lowered to 20 GeV due to optimisation and
background studies, and an additional requirement is imposed to solve the ambiguity between
the electron-photon identification (see Section 7.3). The set of dedicated scale factors is derived
on Z→ ee data and simulation events with the samples listed in Section 6.1. The measurement
is performed in five variable-sized bins of pT with lower edges [20, 27, 60, 90, 130] GeV up to
1000 GeV, and six |η| bins with edges [0.0, 0.6, 1.1, 1.37] and [1.52, 1.7, 2.3, 2.5]. The calorimeter
transition region 1.37 < |η|< 1.52 is excluded from the measurement. Corrections are in general
similar to the ones for the operating point presented in this chapter and shown in Fig. 6.12, and
the ones for wrongly-reconstructed electrons vary from unity by 20%-30%, whilst the corrections
for correctly-reconstructed electrons are at per mil level. The scale factors and their absolute
systematic uncertainties are shown in Fig. 6.15 for wrongly-reconstructed electrons, while results
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Figure 6.15: Charge misidentification scale factors with absolute systematic uncertainties for wrongly
reconstructed electrons. Electrons are selected with the Tight identification and Gradient isolation
operating point.

from correctly-reconstructed electrons are reported in Fig. C.6 of Appendix C.
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The observation and measurement of the cross section of the electroweak-mediated W±W±j j
process is performed using data collected by the ATLAS detector at a centre-of-mass energy of
13 TeV during the LHC running period 2015-2016, which corresponds to an integrated luminosity of
36.1 fb-1. This chapter and the following Chapter 8 and Chapter 9 are dedicated to this analysis.
The signal definition and simulation is discussed in Section 7.1 and the other processes that enter
the signal region but constitute the background to the signal are the object of Section 7.2, together
with their event simulation. The selection criteria used to identify candidate events are detailed in
Section 7.3. The object definition and event selection are the result of a dedicated optimisation
procedure that aimed at increasing the significance of the process. This is presented in details in
Section 7.4. When needed, references can be made to Chapter 8 for the estimation techniques of
the background processes, and to Chapter 9 for the final fit and measurement.

7.1 Signal

7.1.1 Definition and Topology

Due to the complexity of the definition of the pure VBS contribution to the pp → W±W±j j →
`±ν`±νj j process, the topology and modelling of the signal deserve special attention. An overview
of the features of VBS processes has been given in Section 2.4.1. As discussed there, it is not
possible to separate the genuine VBS contribution to the process, therefore the signal is defined in
the analysis as all processes at O(α6EW) that contribute to the final state. The interference with the
QCD production, discussed in Section 2.4.1 as well, can not be separated experimentally, and will
be included in the measured cross section.

The distinctive feature of the W±W±j j production via VBS is the presence of two highly energetic
forward jets, the tagging jets, one in each hemisphere of the detector. The twoW bosons are emitted
from an initial quark, and the resulting quarks tend to be at very high absolute values of rapidity
and to have a large momentum. This leads to a typically very large invariant mass and large rapidity
separation between the two jets. The two same-charge leptons originating from the decay of theW
bosons lay generally between the tagging jets. In this analysis only W decays to electrons and/or
muons are considered, and this notation will be used to indicate electrons or positrons, as well
as muons and antimuons. The characteristic topology of such VBS W±W±j j events, depicted in
Fig. 7.1, is exploited in the kinematic selection to distinguish the signal1 events from other processes
with the same final state. In particular, mj j and ∆yj j have a high discriminating power between the
electroweak and QCD production, as can be seen in Fig. 7.2, where the two distributions are shown
fro the EW and QCD samples. A display of a pp→W+W+j j → e+νµ+νj j candidate event recorded
by the ATLAS detector is shown in Fig. 7.3.

1Although the specific VBS topology is exploited, the signal definition will always indicate all VBS and non-VBSO(α6EW)

contributions throughout this thesis, and the terms signal or electroweak signal will be used interchangeably.
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Figure 7.1: Topology of a typical W±W±j j VBS event. The two tagging jets j0,1 have a large rapidity
separation ∆yj j and the products of the W boson decay, the same-charge leptons `0/1 and neutrinos ν
lie between the two jets.
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Figure 7.2: Distribution of the dijet invariant mass (a) and rapidity separation between the two jets
of highest pT (b) for the EW and QCD W±W±j j processes, simulated separately with SHERPA 2.2.2
generator.

7.1.2 Simulation

The electroweak production ofW±W±j j is simulated using the SHERPA 2.2.2 generator [55,131–133],
which uses an internal parton shower algorithm. It is generated by fixing O(α6EW) in the pp→
W±W±j j → `±ν`±νj j process. The nominal PDF set is the NNPDF3.0 implemented at NNLO in
QCD. The W±W±j j process is generated with up to one additional parton at LO in QCD in the
matrix element, and multi-leg processes are simulated combining the final-state topologies with
the matrix-element parton shower merging algorithm [133,134] and are matched to the SHERPA
internal parton shower [132,135].
Due to the discrepancies in the modelling of the W±W±j j electroweak process among different
event generators, deeper comparison studies are conducted, aiming at investigating the nature of
the tensions.

Alternative signal samples

The modelling of the signal is studied for different event generators, which provide diverse descrip-
tions of the W±W±j j electroweak process. Two samples used for the comparison with the nominal
SHERPA sample described above are generated with MADRAPH5 2.3.3 [136] and one with POWHEG-BOX
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Run: 302956
Event: 1297610851
2016-06-29 09:25:24 CEST
mjj = 3.8 TeV

Figure 7.3: Display of a pp→W+W+j j → e+νµ+νj j candidate event at
√
s = 13 TeV recorder by the

ATLAS detector. The red line represents the muon, while the blue line represents the electron traversing
the inner detector. Its energy depositions inside the electromagnetic calorimeter are indicated by the
yellow cone. The two jets are represented by cyan cones with yellow energy depositions in the forward
calorimeters. The EmissT is depicted in the azimuthal view by a dashed grey line. The electron and
muon have transverse momenta of 48 GeV and 38 GeV, respectively. The jets have transverse momenta
of 118 GeV and 104 GeV, are separated by ∆yj j = 7.1 and are reconstructed with an invariant mass of
mj j = 3.8 TeV. Adapted from Ref. [5].

2 [121–124] interfaced to the PYTHIA 8.230 algorithm [99] that uses the VBS approximation [31].

The MADRAPH5 samples are generated at LO QCD up to two jets, with the third jet modelled
by the parton shower, while SHERPA is generated al LO QCD in the second and third jet. The
POWHEG sample is the only one generated at NLO in QCD. However, the POWHEG-BOX generator is
missing Feynman diagrams for the s-channel triboson production, and their interference with the
other Feynman diagrams. Despite the contribution of these diagrams being below five percent
at LO QCD in the region mj j > 200 GeV, when moving to NLO it increases to 40% in the region
200 <mj j < 400 GeV [37], hence becoming non-negligible.

A major difference among generators lays in the choice of the factorisation and renormalisation
scales µF and µR. One MADRAPH5 sample employs the sum of transverse masses of all final state
particles of the matrix element, which is a dynamical event-by-event scale. The other one uses a
scale fixed to the mass of theW boson, which is the same as used by POWHEG. The SHERPA generator
employs a dynamical scale set at the true diboson invariant mass.

A quantitative comparison in the kinematic region of interest for the analysis is presented in
Section 9.2.1.

The SHERPA signal sample is adopted by the analysis as the nominal one, while the one produced
with POWHEG is used for systematic studies that will be detailed in Section 9.7.
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7.2 Backgrounds

There are other SM processes that can present the same final state as the pp→W±W±j j→ `±ν`±νj j

process, or can mimic it, passing therefore the signal selection. Nevertheless they have a different
topology, which can be exploited in order to separate them from theW±W±j j electroweak process.
The impact of these processes is reduced with dedicated requirements in the event selection, and
ultimately their residual contribution in the signal region is estimated.
They can be divided into three categories:

• processes that produce genuine same-charge leptons, such as ZZ+jets, WZ+jets, tt̄+W/Z
and triboson;

• processes that produce two opposite-charge leptons, where the charge of one lepton is
wrongly reconstructed. They constitute the charge misidentification background and are
mainly caused by tt̄ , W±W∓+jets and Z/γ∗+jets production;

• processes with non-prompt leptons in the final state, i.e. jets or photons misreconstructed as
leptons, or leptons from decays of hadrons containing a b or c quark, so called heavy flavour
hadrons decays. The main background processes sources of non-prompt leptons are W+jets,
tt̄ , V γ+jets, single top or QCD multijet processes.

The estimation of background processes will be the subject of Chapter 8, where the techniques
based on data and simulation will be discussed. In the following the event simulation for these
processes is described.

7.2.1 Event Simulation

For theW±W±j j QCD sample SHERPA 2.2.2 is used, fixing the αEW to O(α4EW), while the order of αs
is not fixed but determined automatically by SHERPA from the matrix-element, based on the number
of jets in the final state. The PDF set is the NNPDF3.0 [137] implemented at NNLO in QCD with
αs = 0.118.
The semi-leptonic diboson processes are generated with SHERPA 2.2.1, while SHERPA 2.2.2 is used for
the diboson processes with four charged leptons in the final state, three leptons and one neutrino
or two charged leptons and two neutrinos, with the matrix element containing all diagrams with
four electroweak vertices.
The triboson processes are generated with SHERPA 2.1.1 with the CT10NLO PDF set [126].
The Z/γ∗+jets samples are generated with MG5_aMC@NLO 2.2.2 [136] at LO, while SHERPA 2.2.1
is used for the W+jets process. Both are interfaced to PYTHIA 8.186 for the parton shower and are
normalised to NNLO QCD cross section calculations.
The tt̄+W/Z samples are generated at NLO accuracy with MG5_aMC@NLO with the parton shower
performed by PYTHIA 8.210, and use the NNPDF3.0NLO PDF set [137].
The generator POWHEG-BOX V2 is used for the tt̄ production, with the CT10 PDF set, while the
electroweak t-channel, s-channel and Wt-channel of single-top processes are generated with
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POWHEG-BOX V1 which uses the 4-flavour scheme, with CT10f4 PDF set. In all these cases the parton
shower, hadronisation and underlying event are simulated with PYTHIA 6.428 [53].
The V γ+jets process is generated with SHERPA 2.1.1 with exactly three electroweak vertices at NLO,
up to one parton, or LO, up to three partons, using the CT10NLO PDF set [126]. The electroweak
process is generated with SHERPA 2.2.4 with NNPDF3.0NNLO with five orders of the electroweak
coupling at LO QCD accuracy.
The interaction with the detector of the generated particles is performed by a full detector simula-
tion [63] based on GEANT4 [64], and the reconstruction algorithms are the same used for data and
explained in Chapter 5. The effects of multiple pp interactions are accounted for by overlaying the
collisions with soft QCD processes generated with PYTHIA 8.186 [125] using the A2 tune and the
MSTW2008LO PDF set [103].
A summary of the processes and their simulation details is given in Table 7.1.
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Table 7.1: Simulated event samples used for signal and background processes. The category, the cross
section times branching ratio σ ·B, the information on generators, parton shower algorithm and PDF
set used are listed.

Process σ ·B [nb] Generator+Parton shower PDF set

Signal
WWjj → `ν`νj j EW 2.5·10-5 SHERPA 2.2.2 NNPDF3.0NNLO

QCD background
WWjj → `ν`νj j QCD 4.08·10-5 SHERPA 2.2.2 NNPDF3.0NNLO

Diboson semi-leptonic
WW → `νj j 1.38·10-1 SHERPA 2.2.1 NNPDF3.0NNLO
WZ→ `νj j 1.14·10-2 SHERPA 2.2.1 NNPDF3.0NNLO
WZ→ j j`` 3.43·10-3 SHERPA 2.2.1 NNPDF3.0NNLO
WZ→ j jνν 6.79·10-3 SHERPA 2.2.1 NNPDF3.0NNLO
ZZ→ ``j j 1.56·10-2 SHERPA 2.2.1 NNPDF3.0NNLO
ZZ→ j jνν 1.56·10-2 SHERPA 2.2.1 NNPDF3.0NNLO

Diboson leptonic
WW → `ν`ν 1.25·10-2 SHERPA 2.2.2 NNPDF3.0NNLO
gg→WW → `ν`ν 8.54·10-4 SHERPA CT10
WWjj → ``ννj j 1.16·10-4 SHERPA 2.2.2 NNPDF3.0NNLO
WZjj → `ν``j j EW 4.67·10-5 SHERPA 2.2.2 NNPDF3.0NNLO
WZ→ `ν`` QCD 4.58·10-3 SHERPA 2.2.2 NNPDF3.0NNLO
ZZ→ 4` 1.25·10-3 SHERPA 2.2.2 NNPDF3.0NNLO
gg→ ZZ→ 4` 2.07·10-5 SHERPA CT10
ZZjj → 4`j j 1.05·10-5 SHERPA 2.2.2 NNPDF3.0NNLO

Triboson
WWW → 3`3ν 8.34·10-6 SHERPA 2.1.1 CT10
WWZ→ 4`2ν 1.73·10-6 SHERPA 2.1.1 CT10
WWZ→ 2`4ν 3.43·10-6 SHERPA 2.1.1 CT10
WZZ→ 5`ν 2.18·10-7 SHERPA 2.1.1 CT10
WZZ→ 3`3ν 1.92·10-6 SHERPA 2.1.1 CT10
ZZZ→ 6` 1.71·10-8 SHERPA 2.1.1 CT10
ZZZ→ 4`2ν 4.41·10-7 SHERPA 2.1.1 CT10
ZZZ→ 2`4ν 4.45·10-7 SHERPA 2.1.1 CT10

Single boson
Z→ `` 2.66·101 MADRAPH5 + PYTHIA 8 N30NLO and A14NNPDF23LO (low mass)
W → `ν 1.85·102 SHERPA 2.2.1 NNPDF3.0NNLO

Top quark
tt̄W 5.48·10-4 MG5_aMC@NLO + PYTHIA 8 MEN30NLO
tt̄Z(→ ``) 1.10·10-4 MG5_aMC@NLO + PYTHIA 8 MEN30NLO
tt̄ 7.69·10-2 POWHEG-BOX 2 CT10
Single top s-channel 3.31·10-3 POWHEG-BOX 1 CT10f4
Single top t-channel 6.95·10-2 POWHEG-BOX 1 CT10f4
Wt 7.16·10-3 POWHEG-BOX 1 CT10f4
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7.3 Selection of Candidate Events

The nominal selection is the result of an optimisation process that affected kinematic quantities
related to the definition of the objects, namely the transverse momenta of the leading jet, the
sub-leading jet and the sub-leading lepton, as well as event-selection criteria, for the missing
energy of the event and the rapidity-separation between the two jets. The method adopted for the
optimisation is discussed in Section 7.4, nevertheless in the following a complete description of the
object and event selection chain is offered. The description is divided in the pre-selection step, the
criteria that define the optimisation region, and the final requirements for candidate events in the
signal region.

7.3.1 Object Selection

The physics objects used in this analysis are electrons, muons, jets and missing transverse energy,
reconstructed in ATLAS as described in Chapter 5, where details on the definition of identification
and isolation operating point can be found. Leptons and jets undergo three steps of selection. Loose
requirements for the pre-selection level, additional ones used as baseline for the optimisation
studies and the nominal selection criteria used to select objects in the signal region.

At pre-selection level, muons requirements on the transverse and longitudinal impact parameters
ensure that the track originates from the primary vertex. In particular, the longitudinal impact
parameter multiplied by the sine of the polar angle of the candidate must satisfy |z0×sinθ|< 0.5 mm,
and the transverse impact parameter divided by its significance is required to be |d0/σd0 | < 10.
Both calorimeter and tracking isolation criteria are applied to reject muons from in-flight decays
or from b- and c-jets. The pre-selection requires Loose quality muons and has loose kinematic
requirements, with pT > 6 GeV and |η|< 2.7.
For electrons the Loose identification operating point with the requirement on one B-layer hit is
used at the pre-selection level. The kinematic and acceptance requirements imposed are pT > 6 GeV
and |η|< 2.47, while the longitudinal and transversal impact parameter variables are required to
be |z0× sinθ|< 0.5 mm and |d0/σd0 |< 5.
Jets are considered within |η| < 4.5, and for the pre-selection are required to have pT > 25 for
|ηdet|< 2.4 and pT > 30 GeV for 2.4 < |ηdet|< 4.5. The |ηdet| does not refer to the pseudorapidity
of the reconstructed object, but refers instead to the detector geometry, so that the jet is entirely
contained within the acceptance value, and not only its barycentre. In order to reject spurious jets
from pile-up the jet vertex tagger (JVT)2 [139] is used in the pre-selection, by requiring JVT > 0.59
for jet with pT < 60 GeV and |ηdet|< 2.4.
An overlap removal procedure is performed on objects passing the pre-selection to remove recon-
structed duplications of the same physical objects that were wrongly reconstructed as different
particles by two or more algorithms. This can be the case of electrons and jets, which both leave

2This is a discriminant constructed as a two-dimensional likelihood with track-based variables. Input tracks to this
algorithm are reconstructed as described in Section 5.1 and associated to the jets using ghost association [138]. They
are treated as four-vectors of infinitesimal magnitude during jet reconstruction and assigned to the jet with which
they are clustered.
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Table 7.2: Object selection criteria for the pre-selection level, the optimisation region and nominal
criteria for the signal region.

Pre-selection Optimisation Nominal

Muons

Quality Loose Medium Medium
Isolation − Gradient Gradient
|z0× sinθ| [mm] < 0.5 < 0.5 < 0.5
|d0/σd0 | < 10 < 3 < 3

|η| < 2.7 < 2.5 < 2.5
pT [GeV] > 6 > 27 (µ0), 20 (µ1) > 27 (µ0,1)

Electrons

Identification Loose+IBL hit Tight Tight
Isolation − Gradient Gradient
|z0× sinθ| [mm] < 0.5 < 0.5 < 0.5
|d0/σd0 | < 5 < 5 < 5

|η| < 2.47 < 2.47 excl. 1.37 < |η|< 1.52 < 2.47 excl. 1.37 < |η|< 1.52
|ηe |< 1.37 in ee channel

pT [GeV] > 6 > 27 (e0), 20 (e1) > 27 (e0,1)
e/γ ambiguity − Unambiguous e Unambiguous e

Jets
|η| < 4.5 < 4.5 < 4.5

pT [GeV]
> 25 (|ηdet|< 2.4) > 25 (|ηdet|< 2.4) > 35 (j0), > 65 (j1)
> 30 (2.4 < |ηdet|< 4.5) > 30 (2.4 < |ηdet|< 4.5)

traces in the calorimeter. Jets are removed if the distance ∆R(e, j) is smaller than 0.2, while the elec-
tron is discarded if 0.2 < ∆R(e, j) < 0.4. To remove overlapping leptons, the electron is removed in
case it shares an inner detector track with a muon, and kept only if the muon is calorimeter-tagged
(see Section 5.3), in which case the muon is removed. To avoid the less-likely case of overlapping
between a muon and a jet, if they lie within a cone of ∆R = 0.2, the jet is discarded if it has less
than three tracks with pT > 0.5 GeV.

After the pre-selection step, tighter criteria are imposed on the identification, isolation, impact
parameter and geometrical acceptance of the leptons used for the kinematic optimisation.

Muons are selected with Medium quality and Gradient isolation. They are considered within the
range |η|< 2.5 and are required to have |z0× sinθ|< 0.5 mm and |d0/σd0 |< 3.
Electrons are required to pass the Tight identification criteria and the Gradient isolation is required.
They are selected outside of the transition region of the calorimeter, 1.37 ≤ |η| ≤ 1.52, within
|η|< 2.47. A specific classification is applied to electrons, to identify whether to consider them only
as electron candidates, or potential photons candidate as well. This is based on the candidate’s
E/p, the ptrackT , the presence of a pixel hit and secondary vertex information. A requirement on
unambiguous electrons is imposed at the optimisation-level selection.

For both electrons and muons the transverse momentum of the leading lepton is required to be
pT > 27 GeV, while the selection on the sub-leading lepton is relaxed to pT > 20 GeV and will be
object of the kinematic optimisation.

In this region the jet requirements are the same as for the pre-selection, since their transverse
momenta are affected by the optimisation studies. Finally, the kinematic requirements for objects
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Table 7.3: Trigger chains required for electrons and muons for the 2015 and 2016 data-taking years.
The High Level Trigger and Level 1 Trigger selections oh the pT threshold are indicated, together with
further requirements on identification (ID) and isolation (Iso) when present [141].

Object Year
High Level Trigger Level 1 Trigger

pT threshold [GeV ] Further selection pT threshold [GeV ] Further selection

Muons

2015
20 Loose Iso (pconeT 20/pT < 0.12) 15 –

50 – 20 –

2016
26 Medium Iso (pvarcone30T /pT < 0.07) 20 –

50 – 20 –

Electrons

2015
24 Medium ID 20
60 Medium ID 22
120 Loose ID 22

variable pT thr., hadronic core and EM Iso

2016
26 Tight ID (no d0 info), Loose Iso (pvarcone20T /ET < 0.1) 22

60 Medium ID (no d0 info) 22
140 Loose ID (no d0 info) 22

in the signal region that differ from the optimisation region are the selection on the transverse
momentum of the sub-leading lepton at pT > 27 GeV and of the sub-leading and leading jet at
pT> 35 GeV and 65 GeV respectively. In addition, in the ee channel only, a requirement of |ηe |< 1.37
is applied to reduce the charge misidentification background.

The selection criteria for muons, electrons and jets are summarised in Table 7.2 for the pre-,
optimisation and nominal selection.

7.3.2 Event Selection

The selection chain for the event candidates can be divided as well into a pre-selection level, which
aims at selecting high-quality events, a further set of requirements that define the region used
for the kinematic optimisation, and the final nominal criteria that define the signal region. The
pre-selection criteria select only validated events, removing the ones collected with detectors in
non-optimal conditions or with noisy calorimeter cells, together with events where jets fail quality
criteria defined by dedicated algorithms [140].

At least one reconstructed vertex is required, where the primary one is defined as in Section 5.1. Only
events with at least three tracks with pT > 0.5 GeV associated to the primary vertex are considered
for the analysis.

Events have to pass at least one of several chains of trigger selections. They are based on require-
ments posed on one lepton, the single-lepton triggers introduced in Section 6.4.1, which requires
at least one lepton to pass the trigger thresholds, and ensure that at least one of the signal leptons
is the one matched to the trigger. The trigger chains used are different for electrons and muons,
and for the data-taking years 2015 and 2016 and their corresponding simulated samples. They are
summarised in Table 7.3.

The region used as baseline for the optimisation studies requires leptons and jets to pass the criteria
on identification, isolation, impact parameter, geometrical acceptance and transverse momenta
listed in Table 7.2. A lower selection on the invariant mass of the two highest-pT leptons is set to
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20 GeV, to reduce the uncertainties on the modelling of low-mass Drell-Yan events. At this stage of
the selection, a veto on events with a third lepton that pass the above requirements is imposed.
In simulated events, only leptons classified as prompt are considered. The definition is based on the
information from simulation on the origin and type of the leptons. Electrons and muons are labelled
as prompt in the analysis if they are genuine leptons from direct decays, i.e. a category that includes
leptons from bosons, mesons or top quark. For electrons, also the products of conversion of Final
State Radiation (FSR) photons are taken into account, as well as particles labelled as photon. This
definition of prompt electrons differs from the tighter one discussed in Section 6.2, since the scope
in this case is broader than for the charge misidentification studies. Events in simulation which
have both prompt leptons pass the so-called truth matching selection.
Exactly two leptons of same-charge and at least two jets passing the pre-selection criteria are
required.
The two highest-pT jets are the tagging ones, used to calculate dijet quantities. A requirement on
the invariant dijet mass is imposed atmj j > 200 GeV, while the two electrons in the ee channel need
to satisfy a veto on the Z mass by having |mee−mZ |> 15 GeV, to reduce the Drell-Yan background.
This is not applied in the µµ channel because the charge misidentification is negligible for muons.
In order to identify the b-jets the MV2c10 tagger [119] is used at the 85% efficiency operating point,
and events are rejected if at least one b-tagged jet is found.
Further event selection criteria are imposed in the signal region, together with the different
requirements imposed on leptons and jets discussed in Section 7.3.1 and summarised in Table 7.2
for the nominal selection. Two of them result from the optimisation process, and affect the missing
transverse energy, required to be larger than 30 GeV, and the separation between the two tagging
jets ∆yj j > 2. The latter, together with a tighter requirement on the invariant mass of the two jets
of mj j > 500 GeV, defines the electroweak signal region.
The selection chains are summarised in Table 7.4 for the pre-selection, optimisation and signal
region. The optimisation for the selection criteria on the variables of interest, that led to the
selection presented in this chapter, is detailed in the following.
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Table 7.4: Events pre-selection, optimisation region and signal region selection. The dedicated criteria
for leptons and jets refer to the different requirements applied for the optimisation studies or for the
nominal selection, which are summarised in Table 7.2, while the the trigger selection is summarised in
Table 7.3.

Optimisation region Signal region

Pre-selection

{ Event quality
Nprimary vertex = 1
Trigger selection

Leptons and jets dedicated selection
m`` > 20 GeV
3rd lepton veto

Truth matching (prompt lepton selection of genuine e/γ,µ)
N`same-charge = 2

Nj ≥ 2
mj j > 200 GeV

|mee −mZ |> 15 GeV
Nb-jet = 0 with MV2c10 at 85% efficiency

− EmissT > 30 GeV
− ∆yj j > 2

mj j > 200 GeV mj j > 500 GeV

7.4 Kinematic Optimisation

The kinematic optimisation is performed with the aim of finding the selection criteria that maximise
the expected significance for the electroweak W±W±j j EW process.

7.4.1 Optimisation Region

The region where the optimisation is performed is the one described in Section 7.3 and summarised
in Table 7.4. The variables of interest for the optimisation are the transverse momenta of the leading
and sub-leading jets pj0T and p

j1
T , the sub-leading lepton p

`1
T , the missing energy of the event E

miss
T

and the rapidity-separation between the two tagging jets ∆yj j .

The samples used are the nominal ones described in Section 7.1.2 and 7.2.1, the non-prompt
lepton and charge misidentification backgrounds are estimated with data and will be the objects of
Section 8.1 and Section 8.4 respectively.

7.4.2 Multi-Dimensional Grid Scan Procedure

The technique used for the optimisation is a multi-dimensional grid scan, where a specific set of
variables is considered, within defined ranges and with defined variation steps, called bins in the
following. These define a multi-dimensional space of all possible selection configurations, made by
varying the selections on all quantities, in all possible combinations. Each point of this space is
therefore an n-dimensional point, n being the number of variables considered for the optimisation.
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Figure 7.4: Dijet invariant mass distribution in bins used for the kinematic optimisation.

The choice of the best set of cuts relies on a ranking of the points, based on a figure of merit that
quantifies the power of signal enhancement over background rejection. The chosen figure of merit
is the expected Poissonian significance that includes the information on background uncertainties.
It is demonstrated in Ref. [142] that this can be expressed as

Z=

√
2

(
(S+B) ln

[
(S+B)(B+σ2B)

B2+ (S+B)σ2B

]
−
B2

σ2B
ln

[
1 +

σ2BS

B(B+σ 2B)

])
.

The terms S and B refer to the signal and background yields respectively, while σB is the total
uncertainty on the background. At the time of the optimisation, a full evaluation of the systematic
uncertainties related to each background was not available, hence systematic uncertainties have
been assigned in the scope of this study. The backgrounds considered are grouped into three classes,
namely non-prompt background, labelled as fakes, WZ, and the last one including all remaining
background processes, labelled as others. For each of them, the σ2B is hence defined as

σB =
√
σ2B,stat.+σ

2
B,syst., (7.1)

where an overall 20% is considered for the non-prompt lepton background yield, 20% for WZ and
10% for the other backgrounds, based on preliminary estimation available. Nevertheless, the impact
of different uncertainty values is checked. For each point the significance is evaluated scanning a
range of possible systematic values on each background at the time, while keeping the others fixed.

The final fitting procedure is performed on the mj j distribution. Therefore, in order for the optimisa-
tion to be as close as possible to the fit, the same variable is used to assess the figure of merit. This
is evaluated for six channels, i.e. the lepton flavour-charge combinations (e+e+), (e−e−), (e+µ+,
µ+e+), (e−µ−, µ−e−), (µ+µ+), (µ−µ−) in three mj j bins:

• b1: 200 <mj j < 500 GeV
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Table 7.5: Set of variables used for the multi-dimensional optimisation. The range used for the grid
scan which determines the boundary of the configuration space is detailed, together with the points
scanned for each variable, the bin widths and the pre-optimisation cut values.

Variable Range Bin width Pre-optimisation selection

pj0T 25-85 GeV 5 GeV > 25 GeV
pj1T 25-60 GeV 5 GeV > 25 GeV
p`1T 20-27 GeV 3.5 GeV > 27.0 GeV

EmissT 0-50 GeV 5 GeV > 30 GeV
∆yj j 1.0-3.0 0.5 > 2.4

• b2: 500 <mj j < 800 GeV

• b3: mj j > 800 GeV.

The mj j distribution in the optimisation region is shown in Fig. 7.4 with the described binning.
The significance Zb from each bin b is combined in quadrature to obtain the significance Zc in each
flavour-charge channel c

Zc =

√√√√ 3∑
b=1

Z2b,

which is further combined to obtain the final overall significance estimation

Z=

√√√√ 6∑
c=1

Z2c .

7.4.3 Scan and Results

The variation ranges for the five variables and the bin sizes are listed in Table 7.5, where the selection
used before the optimisation is reported as well, mainly based on the Run1 analysis [143]. The
ranges determine the boundary of the configuration space, and the bins are the sizes of the steps
used for scanning. In the table the number of one-dimensional points analysed for each variable
are listed as well, taking into account that the starting and final points are analysed as well. The
scan is run over a total of 17160 five-dimensional points.
Unphysical background fluctuations due to low statistical power can push a configuration to be
higher in the ranking, due to unrealistic low background yields. In particular, this is the case of
the non-prompt lepton background in the analysis. This background is highly fluctuating in the
optimisation region from one bin to another. This is visible in Fig. 7.5 where the distributions for
the optimised variables are shown in the optimisation region in the ee channel. Distributions for
the µµ and eµ+µe channels are shown in Appendix B.
The non-prompt background presents a spiky trend, which can result in an artificial increase of
the significance for certain bins, and hence for certain selections. This means that a mathematical
ranking based univocally on a figure of merit would be blind to physics-related considerations. As a
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Table 7.6: The ten best points as result from the multi-dimensional grid scan optimisation, ranked based
on the binned Poissonian significance of each configuration.

pj0T > [GeV ] pj1T > [GeV ] p`1T > [GeV ] EmissT > [GeV ] ∆yj j > Z

Point 1 75 35 20 40 1.5 5.08
Point 2 75 25 20 40 1.5 5.07
Point 3 75 40 20 40 1.5 5.07
Point 4 75 30 20 40 1.5 5.07
Point 5 75 35 20 40 2.0 5.07
Point 6 75 40 20 40 2.0 5.07
Point 7 75 35 20 40 1.0 5.06
Point 8 75 25 20 40 1.0 5.06
Point 9 75 25 20 40 2.0 5.06
Point 10 75 30 20 40 1.0 5.06

consequence, the configuration of the selection criteria that leads to the highest significance might
be a sub-optimal choice.

The 10 best points resulting from the optimisation are listed in Table 7.6. Based on those a tuning
of the selected configuration is performed. A decision is made, to be conservative on the EmissT

requirement, given the highly fluctuating non-prompt background in its distribution (see Fig. 7.5e),
and to maintain the EmissT > 30 GeV selection of the Run1 analysis despite the scan indication of
rising the limit to 40 GeV.

A cautious choice is made on the ∆yj j selection as well. The highest points in the ranking present a
looser selection on this variable with respect to the previous ∆yj j > 2.4, which aimed at enhancing
the electroweak production modes with respect to the QCD ones. In this case a choice is made
to lower the selection only to ∆yj j > 2, to maintain a good discriminating power between the
W±W±j j QCD background and the W±W±j j electroweak signal process.

A similar situation holds for the p`1T , where a conservative choice to keep the 27 GeV limit is made,
in order not to extend to a kinematic region below the trigger threshold and where the non-prompt
lepton background is most likely larger.

For what concerns the jet pT selection, the scan indicates an increase in significance when rising
the lower threshold. This suggestion is followed, as this allows also for a better rejection of low-pT
jets from pile-up.

As a consequence of these considerations, none of the ten best-ranked points is considered reliable
for the experimental scenario of a highly fluctuating background rich in non-prompt leptons. The
configuration tuned on these arguments is

pj0T > 65 GeV
pj1T > 35 GeV
p`1T > 27 GeV

EmissT > 30 GeV
∆yj j > 2.
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Table 7.7: Expected signal and background yields and their statistical and assumed systematic un-
certainties summed in quadrature for the optimised configuration split by flavour and charge. The
systematic uncertainties assigned are 20% for the non-prompt background, 20% for WZ and 10% for
other backgrounds. The Poissonian significance is reported for each mj j bin.

Channel mj j [GeV] EW W±W±j j Fakes WZ Others Z

e+e+
[200,500] 0.65±0.03 2.62±1.76 2.05±0.23 2.51±0.11 0.20

[500,800] 0.87±0.04 4.44±2.32 0.86±0.12 1.22±0.18 0.24

[800,+∞] 2.99±0.07 1.84±1.62 1.05±0.09 0.98±0.08 1.01

e−e−
[200,500] 0.48±0.05 6.79±3.20 1.59±0.14 2.33±0.18 0.10

[500,800] 0.48±0.03 0.99±1.70 0.72±0.08 1.22±0.23 0.19

[800,+∞] 1.03±0.04 2.84±2.21 0.59±0.07 0.66±0.06 0.32

µ+µ+
[200,500] 1.86±0.09 2.88±0.93 5.79±0.27 1.81±0.07 0.53

[500,800] 2.16±0.06 0.49±0.27 2.65±0.18 1.06±0.05 0.97

[800,+∞] 7.12±0.11 0.87±0.41 2.88±0.17 1.13±0.04 2.64

µ−µ−
[200,500] 1.13±0.04 3.08±1.15 3.98±0.21 1.02±0.05 0.36

[500,800] 1.18±0.04 2.19±0.89 1.80±0.13 0.52±0.03 0.49

[800,+∞] 2.37±0.06 0.71±0.34 1.85±0.18 0.44±0.03 1.20

e+µ++µ+e+
[200,500] 3.01±0.07 15.72±4.65 13.97±0.57 7.78±0.35 0.38

[500,800] 3.93±0.08 3.93±2.69 7.32±0.38 4.72±0.71 0.77

[800,+∞] 12.82±0.15 3.73±1.95 6.68±0.27 4.58±0.44 2.56

e−µ−+µ−e−
[200,500] 2.02±0.06 10.14±3.43 10.47±0.55 7.47±0.62 0.31

[500,800] 2.07±0.06 6.50±2.65 5.09±0.35 3.04±0.30 0.43

[800,+∞] 4.48±0.09 0.97±1.04 3.92±0.22 2.47±0.24 1.39

It occupies a lower position in the ranking, however is considered a more robust choice.

This leads to a significance of 4.31.

In order to check how each variable impact the significance, an n−1 scan is performed around the
chosen configuration, with one variable at the time left free to change along the variation range.
This is presented in Fig. 7.6 for all variables. The artificial increase and decrease of the significance
emerges in particular in Fig. 7.6d. The impact of the variation of the systematic uncertainties
assigned to each background is analysed, and the scan is shown in Fig. 7.6f for the chosen selection.
The largest impact is observed by the systematic uncertainties related to the WZ background,
which results in a decrease of significance for values higher than 30-40%.

The signal and background yields, as well as the significance for eachmj j bin at the chosen selection
are reported in Table. 7.7 for channels split in flavour and charge.

The modelling of the selection is checked in a region enriched in non-prompt lepton contribution,
namely the top fakes same-charge validation region. The detailed definition will be given in Table 8.5,
where all validation regions are described. Nevertheless, the modelling of the transverse momentum
distribution of the two leptons is shown here in Fig 7.7. A disagreement between data and predictions
is visible in certain bins, considered to originate from the estimation of the non-prompt lepton
background, covered with the assigned systematic uncertainty of 20%.

In order to quantify the improvement of the optimised selection with respect to that of the Run1
analysis [143], the Poissonian significance is evaluated in the two cases. The improvement in
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the significance evaluated with the Poisson formulation is about 8%, going from Zpre = 4.00 to
Zoptim = 4.31. The selections and results are compared in Table 7.8.

Table 7.8: Selection criteria resulting from the kinematic optimisation compared to the previous selection
of the Run1 analysis [143]. The Poissonian significance is evaluated for the two scenarios.

Variable Optimised selection Previous selection

pj0T > 65 GeV > 25 GeV

pj1T > 35 GeV > 25 GeV

p`1T > 27 GeV > 27 GeV

EmissT > 30 GeV > 30 GeV
∆yj j > 2.0 > 2.4
Z 4.31 4.00
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Figure 7.5: Distributions of transverse momentum of the leading (a) and sub-leading (b) jet, sub-leading
lepton (c), missing transverse energy (d) and rapidity separation between the two tagging jets (e) in the
optimisation region for the ee channel. Only statistical uncertainties are shown.
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Figure 7.6: Scan of the impact on the significance Z of the selection on the transverse momentum of
the leading (a) and sub-leading (b) jet, sub-leading lepton (c), the missing transverse energy (d) and the
rapidity separation between the two tagging jets (e). The scans are shown for a point in the configuration
space where all variables except the one plotted are fixed to the optimised selection. The variable
on the x-axis is varied within the ranges and with the steps used in the optimisation process. The
blue line indicates the selection corresponding to the chosen configuration, which has a significance
of Z = 4.31. (f) Scan of the impact of the assumed systematic uncertainties on the evaluation of the
overall significance Z. The dashed lines indicate the assumed values for each background that give the
resulting significance of Z = 4.31.
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Figure 7.7: Distribution of the transverse momentum of the leading (a) and sub-leading (b) lepton for
the ee channel in the top fakes same-charge control region. Only statistical uncertainties are shown.
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8 Background Estimation

Events from background processes which are left in the signal region after the selection are estimated
with different techniques. The predictions for the non-prompt lepton background is performed using
data with a method explained in Section 8.1. The background from WZ+jets is estimated deriving
the normalisation in a dedicated control region, as discussed in Section 8.2. The estimation of the
background from photon conversion is based on simulation of the V γ+jets process and presented
in Section 8.3. The charge misidentification background is treated extensively in Section 8.4, where
the technique for its estimation is described, both in the signal region and in the region where a
looser selection is applied to one of the electrons. Finally the validation regions defined to check
the correct modelling of the different predictions are discussed in Section 8.5.

8.1 Non-Prompt Lepton Background

In processes where a prompt lepton is produced together with a jet, the event can pass the signal
region selection if the jet is wrongly reconstructed as a lepton. This can be the case for electrons,
as both electrons and jets leave a trace in the calorimeter, and muons when they originate from
decays of heavy-flavour hadrons, as well as in-flight decays of π± or K± mesons. In this case
they can be classified as signal muons, and thus can wrongly enter the signal region. Processes
that can lead to this class of events form the non-prompt lepton background, which due to its
nature may not be properly modelled in simulations and need to be estimated with data. The
processes sources of non-prompt leptons are W+jets, tt̄ where one W boson decays leptonically
and the other hadronically, and single top processes with aW boson decaying leptonically. Diboson
processes such as WW , WZ, ZZ where one boson decays hadronically and the other leptonically
have smaller contributions due to the smaller production cross sections.
The estimation of the non-prompt lepton background consists in weighting a sample designed to be
enriched with jets, but kinematically similar to the signal region. To select this sample, a nominal
lepton passing all signal requirements and a jet-like lepton passing looser conditions are required,
in addition to all other nominal signal region selections. The factor that performs the weighting
of this nominal+loose sample, namely ID+antiID, is the so called fake-factor. It is the ratio of the
probability for a jet to satisfy the nominal lepton criteria to the probability to satisfy the loose ones.
It is measured in a dijet sample, a dedicated jet-enriched sample where physics processes that
produce prompt leptons are suppressed.
The estimation of the non-prompt background in the signal region is obtained by using

Nfake = flepton×
(
Ndata−Nprompt

)
ID+antiID (8.1)

in the ee and µµ channel, and

Nfake = fe ×
(
Ndata−Nprompt

)
IDµ+antiIDe + fµ×

(
Ndata−Nprompt

)
IDe+antiIDµ (8.2)

in the eµ channel where non-prompt lepton background receives contributions from events with a
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Table 8.1: Selection criteria for muons and electrons for the ID and antiID selection. The former is
the nominal selection applied in the signal region, the latter is used to construct the dijet sample
for the fake-factor measurement and the ID+antiID region for the estimation of the background from
non-prompt leptons.

ID antiID

Muons

Quality Medium Medium
Isolation Gradient −
|z0× sinθ| < 0.5 mm < 0.5 mm
|d0/σd0 | < 3 < 10

|η| < 2.5 < 2.5
pT > 27 GeV > 15 GeV
Additional − Fail other ID selection

Electrons

Identification Tight Medium
Isolation Gradient −
|z0× sinθ| < 0.5 mm < 0.5 mm
|d0/σd0 | < 5 < 5

|η| < 2.47 excl. 1.37 < |η|< 1.52 < 2.47 excl. 1.37 < |η|< 1.52
pT > 27 GeV > 15 GeV
e/γ ambiguity Unambiguous e Unambiguous e
Additional − Fail other ID selection

prompt muon and a fake electron or with a prompt electron and a fake muon.
The Nprompt refers to the contribution from events where two prompt leptons are present, one
satisfying the ID selection and the other passing the antiID one. This needs to be subtracted, and it
is done using simulation. The contribution of events from charge misidentification is subtracted as
well, using instead a dedicated estimation on data explained in Section 8.4.6.

AntiID lepton definition The definition of the loose lepton criteria plays a central role in deter-
mining the purity and number of events of the two samples. It is of great importance to enhance
the fake lepton contribution in the ID+antiID sample as well as to enrich the jet population and
suppress the prompt leptons in the dijet sample used for the fake-factor measurement. In both
samples muons are required to pass the same quality, acceptance and |z0× sinθ| criteria as the
signal ones. The requirements on d0/σd0 are relaxed, the pT threshold is lowered to 15 GeV and
muons need to fail all other signal requirements. For electrons the identification working point is
moved to Medium and the nominal Tight identification and Gradient isolation selection are required
to fail. Acceptance and selection on the impact parameter remain as in the nominal case, while
the pT is lowered to 15 GeV as for muons. The requirements for antiID leptons are summarised and
compared to the ID ones in Table 8.1.

Fake-factor determination and uncertainties The fake-factor is generally expressed as the ratio
between the number of candidates, likely jets, satisfying the nominal identification criteria and the
ones satisfying the antiID lepton criteria, and is usually binned in pT.
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Table 8.2: Event selection for dijet sample used to determined the fake-factor. The trigger selection is
dedicated to the dijet region and is explained in the text.

Dijet sample selection

Trigger selection
N` = 1 (ID or antiID) and p`T > 15 GeV

Nj > 0

p
tag-jet
T > 25(30) GeV for |η|< 2.5 (2.5 < |η|< 4.5)
Tag-jet is b-tagged with MV2c10 at 85% efficiency

|∆φ(`, tag jet)|> 2.8
EmissT, track+EmissT < 50 GeV

The dijet data sample used tomeasure it is created with candidate events selected by the combination
of different trigger chains, which select events with an electron or a muon plus jets. They differ
from the nominal ones described in Table 7.3. A pre-scaled (see Section 4.2.6) trigger selects events
with at least one electron with pT > 12 GeV and very loose identification operating point, without
the d0 information in it, seeded from the electromagnetic Level 1 trigger at pT > 10 GeV, with a
variable pT threshold and hadronic core isolation applied. The trigger chain used for muons is a
combination of two, one selecting events with one muon with pT > 14 GeV and the other with
pT > 50 GeV. In the sample selection exactly one ID or one antiID lepton are required and at least
one jet with pT > 25(30) GeV for |η|< 2.5(2.5 < |η|< 4.5). This jet is required to be a b-jet in order
to enrich the sample with heavy-flavour jets. Indeed, these are proven to be the primary source of
fake leptons in the signal region, by checking their origin in simulation. The lepton is required to be
back-to-back with the jet in the azimuthal plane with |∆φ(`, tag jet)|> 2.8, while a requirement on
EmissT, track+EmissT < 50 GeV suppresses the contamination from W+jets with the W boson decaying
leptonically. The full selection for the dijet sample is summarised in Table 8.2. In this sample
contributions from prompt leptons from W+jets, Z/γ∗+jets, tt̄ and single top are subtracted with
simulation. Their impact is small, mainly deriving from W+jets and affecting only region where
lepton pT is above ∼80 GeV.

The fake-factor is applied to the ID+antiID region, whose composition is studied with simulation
and shown in Fig. 8.1. The dominant process is the top quark pair production, followed by W+jets
or Drell-Yan Z+jets production. A small fraction of non-prompt leptons originates also from V γ

samples. The Z/γ∗+jets sample in the ee channel is a source of events from charge misidentification,
while the diboson processes generate prompt same-charge leptons in fully leptonic decays, and
non-prompt leptons in semi-leptonic decays.

The fake-factor is hence calculated in dijet data where non-prompt lepton candidates are mainly
from b and c decays, and applied in a region dominated by tt̄ events, where almost all non-prompt
leptons are from decays of b-hadrons. Given that depending on the process a different fraction
of momentum of the underlying jet is carried by the non-prompt lepton, the variable used for
the binning of the fake-factor should account for this difference. This is why the total transverse
momentum inside a variable-size cone is chosen for the binning of the fake-factor denominator,
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Figure 8.1: Dijet invariant mass distribution in the ee (a) and µµ (b) channels in the ID+antiID sample.
Only statistical uncertainties are shown [144].

instead of the usual transverse momentum. Indeed, the sum of the transverse momentum of
the non-prompt lepton candidate pT and the pvarconeT variable (see Section 5.2) can mitigate the
dependency by recovering the jet momentum not carried by the non-prompt lepton. The fake-factor
for a given bin b is defined as

flepton,b =
NID,b(pT)

NantiID,b(pT+pvarconeT )
. (8.3)

The fraction of the transverse momentum of the underlying jet carried by the lepton, that is different
for ID and antiID leptons, is therefore restored by including the transverse momentum in the cone.

The nominal fake-factor is thus determined in bins of the pT + pvarconeT variable, and each bin now
refers to loose non-prompt objects in the denominator which have the same pT as the ID objects in
the numerator.

A one-dimensional fake-factor is computed for muons while for electrons it is additionally measured
in two η bins, splitting the range at |η|= 1.37 in order to separate electrons inside or outside
of the barrel of the electromagnetic calorimeter. The fake-factor lays below 0.2 for muons with
pT + pvarconeT < 75 GeV, and it reaches 0.5 in the highest bin 75 GeV < pT + pvarconeT < 200 GeV.
For electrons it rises up to 0.6 reaching 0.9 in the last pT + pvarconeT bin for |η| < 1.37, while for
1.37 < |η|< 2.5 it lays below 0.8 up to pT + pvarconeT = 75 GeV, and is slightly larger than 1 in the
last bin.

One systematic uncertainty on the fake-factor measurement is related to the variation of the selection
in the dijet sample. In addition, the subtraction of the prompt lepton via W+jets simulation is
varied by 10%, as this is the discrepancy found in data-simulation comparison of theW+jets sample
in a W+jets enriched data control region. Also, due to the difference in jet flavour composition
between the dijet sample and the ID+antiID one, the fake-factor is computed by switching off the
requirement on the tagging jet to be a b-jet, and the difference is accounted for as systematic
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uncertainty. Finally, a systematic uncertainty addresses the residual dependence of the fake-factor
on the underlying jet pT. Weighting factors are derived using the true underlying jet pT spectrum
on events selected by requiring one lepton and one true b-jet. The factors aim at the matching
between pT distributions of tt̄ and W+jets in dijet data, selected by requiring the tagging jet to
be a b-jet. These factors are used to reweight the jet pT spectra for the true b-jet that is used to
determine an approximation for the true underlying jet pT in the ID+antiID region. The pT and
pT + pvarconeT distributions are reweighted with these factors and the fake-factor is calculated with
and without the reweighting. This systematic affects the measurement mainly at high pT, while
at low pT it is consistent with the other systematic uncertainties. The systematic variations lay in
general below 10% for the muon case, and they reach up to 20-30% for electrons.

Non-prompt background estimation in the signal region Due to the use of the pvarconeT variable,
special care is needed when applying the fake-factor to the ID+antiID region with Eq. (8.1) and
(8.2). The pT of the loose object in this region is always substituted by the pT + pvarconeT , both when
applying the momentum requirement and when applying the weight, that must be picked from
the bin corresponding to the pT + pvarconeT in the fake-factor map. Finally, the quantity has to be
assigned as the pT of the predicted non-prompt ID lepton when applying the fake-factor to get the
final estimation.
The modelling of the estimation is checked in various validation regions, enriched in non-prompt
leptons from W+jets or tt̄ events. They are described in detail in Section 8.5, where an overview
of all validation regions used in the analysis is given. Distributions will be presented as well in
Fig. 8.14 and 8.18, showing the good agreement within the statistical uncertainties between data
and non-prompt lepton background estimation.
The final estimation in the signal region is performed by applying the fake-factor with Eq. (8.1)
and (8.2). The prompt-lepton contribution is subtracted by requiring both reconstructed lepton
candidates to be matched to generated prompt leptons, as defined in the truth matching described
in Section 7.3.2. Events from charge misidentification are removed via a dedicated estimation
performed on data detailed in Section 8.4.
The yields estimated for each channel are reported in Table 8.3. The uncertainty is approximately
50% in the µµ channel and ranges between 40-90% in the ee and eµ ones. The systematic
uncertainties included are the ones related to the fake-factor measurement and the statistical one
of the control regions.
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Table 8.3: Estimated yields for the non-prompt leptons background in the signal region for the six flavour
and charge channels. The central value is shown together with its statistical uncertainty. The systematic
yield variations are listed, deriving from the fake-factor variation within its statistical and systematic
uncertainties. The labels fe and fµ indicate the fake-factors for electrons and muons, respectively.

e+e+ e−e− µ+µ+ µ−µ− e+µ+ + µ+e+ e−µ− + µ−e−

Central yield (± stat.) 4.73±1.90 6.68±2.48 2.97±0.73 1.84±0.26 22.12±3.94 14.96±3.33

fe stat. up +0.74 +0.95 — — +2.62 +2.29

fe stat. down −0.74 −0.95 — — −2.62 −2.29

fe syst. up +0.57 +1.10 — — +2.58 +3.01

fe syst. down −1.79 −3.77 — — −8.50 −5.85

fµ stat. up — — +0.41 +0.24 +0.93 +0.46

fµ stat. down — — −0.41 −0.24 −0.93 −0.46

fµ syst. up — — +3.22 +0.42 +11.68 +4.42

fµ syst. down — — −0.43 −0.18 −1.39 −0.59

8.2 WZ+jets Background

Background processes fromZZ+jets, tt̄+W/Z and triboson are estimated with simulation, whilst the
WZ+jets modelled in simulation but its normalisation is derived from data. This is one of the main
background processes, as events fromW±Zjj→ `±ν`±`∓j j can enter the signal region if one lepton
from the decay of the Z boson is outside of the acceptance or not successfully reconstructed or
identified. A control region is defined, and the normalisation is derived with a unique fit on the sum
of contributions in all channels e+µ+, µ+e+, µ+µ+, e+e+ and their charge conjugates, performed
simultaneously in the signal region and in an additional low-mj j control region. Details on the
fitting methodology will be given in Chapter 9. The control region is defined to be kinematically
similar to the signal region, but enriched in WZ+jets events by explicitly requiring a third lepton
passing the signal selection. A lower pT threshold at 15 GeV is used for this third lepton. Besides
the same selection criteria as in the signal region for EmissT , number of jets, b-jet veto, mj j and ∆yj j ,
additional requirements are applied to increase the purity of the region. A Z boson candidate is
required by selecting an opposite-charge same-flavour dilepton pair and a lower limit on m``` at
106 GeV is applied to reduce contributions from Z/γ∗+jets and Zγ∗ events. The distributions of
the invariant mass of the three leptons and the pseudorapidity separation between the two jets
are shown in Fig. 8.2. The prediction for the relative contribution between electroweak and strong
production is performed with simulation using SM cross sections.
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Figure 8.2: Distribution of the invariant mass of the three leptons (a) and rapidity separation between
the two jets (b) in the WZ control region. Only statistical uncertainties are shown [145].

8.3 Vγ+jets Background

If an electron from a photon conversion passes the nominal selection, events from V γ+jets could
end up in the signal region. After the event selection no simulated Zγ+jets events are left in the
signal region, but the modelling of photon conversions is studied in a data region enriched in
Zγ+jets events and extended to Wγ+jets, assuming a similar behaviour of the two processes.

This background is estimated by measuring a normalisation factor in a Zγ→ µ±µ∓γ control region
and reweighting the simulated Wγ+jets contribution in the signal region.

In order to construct the control region the nominal criteria detailed in Section 7.3 for the pre-
selection and trigger matching are imposed together with the requirement of an electron in addition
to the two muons from the Z. The selection for the region requires:

• pµT > 20(27) GeV for the leading (sub-leading) muon;

• peT > 27 GeV;

• 75 <mµµγ < 100 GeV;

• EmissT < 30 GeV.

Since a further sample is needed to cover the full pγT and ∆R(γ,`) range not covered by the Zγ+jets
sample, additional Drell-Yan Z/γ∗+jets samples are used, generated with POWHEG. An overlap
between the two is present, in cases where an FSR isolated photon is produced in the Z/γ∗+jets
sample, as shown in Fig. 8.3a in the distribution of the invariant mass of the two muons. The
removal of the overlap is performed by identifying events which generated FSR photons in the
Z/γ∗+jets sample which satisfy the same pγT and ∆R(γ,`) requirements as photon generated in
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Figure 8.3: (a) Dimuon invariant mass for the Zγ+jets sample and the Z/γ∗+jets one from POWHEG.
The overlap between the two samples is visible from the distribution in the region around 70 GeV. (b)
Distribution of the dimuon invariant mass in the Zγ control region. Only statistical uncertainties are
shown [146].

the Zγ+jets sample, and removing such events from the Zγ∗+jets sample while keeping them in
the Zγ+jets sample.
The final event yields in the Zγ region are reported in Table. 8.4 for the Zγ+jets sample, the
Z/γ∗+jets one and the other background processes contributing, i.e. other diboson processes,
triboson and top production.
The normalisation factor obtained from the difference between the predicted yield and the data in
the is Zγ region is

κWγ+jets =
Ndata−Nother backgrounds
NZγ+jets+NZ/γ∗+jets

= 1.77±0.36,

which is applied as correction factor to the Wγ+jets sample in the signal region. A systematic of
44% is attributed to it, which corresponds to a 0.77 absolute uncertainty, i.e. the full effect of the
normalisation factor. This accounts for uncertainties in the region definition, which are visible in the
not perfect modelling from the dimuon invariant mass shown in Fig. 8.3b. It takes also into account
the overlap removal procedure and covers the differences between the Zγ→ µ±µ∓γ process where
the scale factor is derived, and the Wγ region which is the target of the estimation1.

1The rather large uncertainty assigned addresses the open points in the modelling of the region and in the estimation
procedure which are currently being investigated in separated studies and not treated in the course of this thesis
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Table 8.4: Event yields in the Zγ region predicted by simulation and from data.

Process Event yields

Zγ+jets 24.6±3.3

Z/γ∗+jets 3.0±1.5

V V +V V V 6.7±0.3

top 1.5±0.5

Total prediction 35.8±3.7

Data 57

8.4 Background from Charge Misidentification

Some events from opposite-charge processes can pass the selection if the charge of one lepton is
wrongly reconstructed. The charge misidentification in general has a low probability, as explained
in Chapter 6, but the large cross section of the background processes with respect to the signal
amplifies the effect, making this background one of the major ones of the analysis. For muons,
due to their higher mass compared to the electrons, it is less likely to undergo bremsstrahlung
emission of photons. Furthermore tracks from muons can be reconstructed both in the ID and in
the MS, improving the capability of track reconstruction compared to electrons that leave tracks in
the ID only. In Fig. 8.4 the distribution for the leading lepton pT is shown for opposite-charge and
same-charge Z→ µµ simulated events and data dimuon events, in a region where a requirement
of |mµµ−mZ |< 10 GeV is imposed. As can be deduced from the plots, the relation between same-
charge and opposite-charge is of the order of ∼10-5, therefore charge misidentification probability
is considered negligible for muons.
The estimation of this background is hence performed in the ee, eµ and µe channels only.
The background from charge misidentification is estimated in data, using the knowledge of the
charge misidentification probabilities. These are extracted from simulation as discussed in Sec-
tion 8.4.1. The actual background estimation is explained in Secs. 8.4.2 and 8.4.3, while the related
systematic uncertainties are discussed in Section 8.4.5. Finally, Section 8.4.6 is dedicated to the esti-
mation of the charge misidentification background in the ID+antiID region used for the non-prompt
background estimation.

8.4.1 Probability Extraction

The measurement of the charge misidentification probabilities is the first step in the estimation,
and is done exploiting the information from simulation. In order to do so, this needs to be corrected
with simulation-to-data scale factors, so that the probability of misidentification well matches the
one measured in data. Scale factors are measured as explained in Chapter 6 and specific results for
the working point used in the analysis are presented in Section 6.4.4.
The extraction of the probabilities is performed on Z→ ee events. This is the default process for
such measurements due to its well-known modelling and the presence of only two electrons in the
final state that makes it appropriate for charge misidentification studies.
After applying the scale factors to correct the Z→ ee simulation for the mismodelling of the charge
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Figure 8.4: Distribution of the transverse momentum of the leading muon in a dimuon data sample and
Z→ µµ simulated Drell-Yan sample for opposite-charge (a) and same-charge (b) events.
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Figure 8.5: Charge misidentification probabilities as a function of |η| (a) and pT (b) measured in simulated
Z→ ee events after applying the charge misidentification scale factors. Only statistical uncertainties
are shown.

misidentification probability, the probabilities can be extracted by exploiting the information from
simulation. The charge misidentification probability for a certain (pT, |η|) bin i is hence

εi =
(wrong charge electrons)i
(all prompt electrons)i

. (8.4)

The wrong charge and prompt definitions are those given in Chapter 6. The probabilities are shown
in Fig. 8.5 as a function of |η| and pT separately.

8.4.2 Opposite-Charge Events Weighting

The estimation of the charge misidentification event yield in the signal region is obtained by
weighting the opposite-charge data events, under the assumption that the opposite-charge events
are dominated by prompt electrons. In this case the prompt requirements aim at selecting an
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electron not originating from meson or hadron decays, or from Dalitz decays. The weighting factor
w used to weight the opposite-charge events is built using the probabilities obtained previously.
Being ε(pT, |η|) ≡ ε the probability of an electron to have its charge wrongly reconstructed and
therefore (1− ε) the probability of the correct charge reconstruction, for an event with genuine
opposite-charge electrons:

• (1−ε)2 is the probability of correct reconstruction, i.e. the probability that none of the two
electrons undergoes charge misidentification;

• ε2 is the probability of the electron-pair to be reconstructed as opposite charge, when both
electrons undergo charge misidentification;

• 2ε(1−ε) is the probability to reconstruct the opposite-charge pair as same-charge pair, i.e.
to wrongly reconstruct the charge of one electron.

The weight w is hence defined as the ratio between the probability of having a same-charge event
and the one of having an opposite-charge event. The numerator is given by the combined probability
of misidentifying the charge of one of the electrons, while the numerator accounts for the probability
of misidentifying either both or none of the two, resulting in

w =
ε1(1−ε2) + (1−ε1)ε2
1− (ε1+ε2) + 2ε1ε2

, (8.5)

where ε1 and ε2 are the probabilities for the leading and sub-leading electron. In case of single-
electron events only the probability for electrons εe is accounted for, and Eq. (8.5) simplifies to

w =
εe

1−εe
,

which is used in the eµ or µe channel.

8.4.3 Energy Loss Correction

As extensively discussed in Chapter 6, the main cause of misidentification of electrons’ charge is
related to bremsstrahlung photon emission and subsequent production of an electron–positron
pair. Electrons lose part of their energy in the material interaction and this leads to a leakage of
the energy deposit outside the fixed electromagnetic calorimeter cluster and to a worsening of the
energy resolution. For this reason, electrons reconstructed with the wrong charge have on average
a lower energy and a wider energy resolution distribution compared to the correctly-reconstructed
ones. The phenomenon is visible in Fig. 8.6, where the distribution for same-charge events both in
data and simulation is shifted towards lower energies.

The weighting of the opposite-charge data with the charge misidentification probability is therefore
not sufficient to obtain a correct kinematic distribution in the same-charge estimation, as it does
not correctly describe the four-momentum of the wrongly-reconstructed electrons. To account for
this, momenta are corrected with two terms derived with simulation and the correction is applied
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Only statistical uncertainties are shown.

to the electron’s pT as

pcorrectedT =
p
original
T
1 +α

+ ∆E, (8.6)

where poriginalT is the pT of the electron used for the estimation. The term (1 +α) is the residual
energy scale while ∆E is the noise term used to widen the distribution.

Both terms are derived based on the energy response, defined as
(
precoT /ptruthT −1

)
, which quantifies

the difference between the pT of the original electron and the reconstructed quantity.

This is depicted in Fig. 8.7 for correctly and wrongly reconstructed electrons, as a one-dimensional
distribution profiled over the pseudorapidity of the leading electron. The information on the correct
or wrong charge reconstruction is obtained from the comparison with the original charge of the
electron as detailed in Chapter 6. The energy response distribution for wrong charge electrons
is shifted towards values smaller than zero, which is mainly visible in Fig. 8.7b. From there, the
narrower distribution that characterises correct-charge electrons compared to the wrong-charge
ones emerges as well.

The term α is derived in bins of |η| as

α=

(
precoT
ptruthT
−1
)correct(

precoT
ptruthT
−1
)wrong , (8.7)
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Figure 8.7: Energy response
(
precoT /ptruthT −1

)
distribution for correct- (a) and wrong-charge (b) electrons.

which quantifies the difference in the energy response for wrongly and correctly reconstructed
electrons.

The term ∆E is distributed according to a Gaussian distribution centred around 0, with its width
corresponding to a residual constant term c . Its definition is also based on the energy response
derived differentially in |η| bins as

c =

〈
precoT

ptruthT

〉wrong
−

〈
precoT

ptruthT

〉correct
. (8.8)

The term 1 +α and the residual constant term c are shown in Fig. 8.8 as a function of |η|.
Since in data it is not possible to identify the misreconstructed electron, the corrections of Eq. (8.6)
are applied randomly on the leading or sub-leading electron. One of the two is randomly picked,
based on the probability of both electrons to undergo charge misidentification, and the electron for
which no energy correction is applied is considered the one correctly reconstructed. This procedure
determines therefore the charge of the full same-charge event.

In Fig. 8.6 the mee distribution obtained after the scaling and the smearing of opposite-charge data
events is shown compared to data and simulation distributions. The figure also shows that the
statistical uncertainties of the estimation are reduced, compared to the charge misidentification
estimated with simulated events. Some residual mismodelling is although visible in the estimation,
which will need to be accounted for in the evaluation of the systematic uncertainties.

8.4.4 Validation

In order to validate the modelling of the estimation prior to performing it in the signal region, a
validation region enriched in charge misidentified electrons is defined. This is the same-charge
inclusive validation region. It requires two same-charge leptons that pass the nominal lepton
selection criteria, having an invariant mass within 15 GeV of the nominal Z boson mass. This region
has a high purity in background from charge misidentification. The nominal requirement in the ee
channel of |ηe | < 1.37 is not applied in this region, as the procedure needs to be validated also
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Figure 8.8: Residual energy scale correction (1 +α) (a) and constant term (b) used for the energy
correction procedure. They account for the shift and smearing of the electron’s energy due to the
differences in the energy reconstruction for electrons with correct and wrong charge, and are derived as
a function of |η|.

for electrons in the eµ or µe channel which can have |ηe | > 1.37. The estimation is performed
in the same way as for the signal region, i.e. by weighting and applying the energy correction to
opposite-charge data. The validation is performed in the ee channel and some of the distributions
are shown in Fig. 8.9. The estimation is shown with statistical uncertainties only, and data agree
within 10-20% except for the high transverse momentum tails of the pT distributions where the
agreement is worsened by the presence of non-prompt leptons for which the estimation is not shown.
The m`` distribution shows that the energy loss is overcorrected, leading to an underestimation of
the charge misidentification yield, as more electrons fall outside of the kinematic acceptance.

8.4.5 Systematic Uncertainties

Systematic uncertainties in the estimation of the charge misidentification background are estimated
from the systematic uncertainties in the scale factor measurement and from the energy correction
procedure.

The sources of uncertainties related to the scale factor are explained in details in Section 6.4.3.
The probabilities are determined with the scale factor varied up and down within their combined
statistical and systematic uncertainty, and the estimate is repeated. The difference in the estimated
background yields is assigned as a systematic uncertainty. To estimate the uncertainty related to
the overcorrection of the energy loss, which caused the not perfect modelling of the estimation, the
full correction effect is assigned as a systematic uncertainty. This is done in order to safely cover
the uncertainties related to the energy correction technique, and it is considered adequate since
the systematic uncertainties related to the estimation are not limiting the analysis precision.

The final background yields estimated in the signal region in each channel are reported in Table 8.5,
together with their variation due to the considered systematic sources.
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Table 8.5: Estimated yields for the background due to electron charge misidentification in the signal
region. Central value and systematic uncertainties are listed in the table for the four channels, separately
for positive and negative final states. The µµ channel is omitted as the muon charge misidentification
probability is negligible.

e+e+ e−e− e+µ+ e−µ− µ+e+ µ−e−

Central 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 correction ± 0.05 ± 0.03 ± 0.20 ± 0.18 ± 0.01 ± 0.01

8.4.6 Charge Misidentification in ID-antiID Region

The estimation of the background from non-prompt leptons is presented in Section 8.1, which
is the reference for details on the estimation procedure and the electron antiID selection used
in the following. When estimating the background from non-prompt leptons, the contribution
from prompt and charge misidentified leptons inside the ID+antiID sample has to be subtracted.
The charge misidentification contribution is estimated from data, with the same technique as
the one used for the estimation of the background from charge misidentification in the signal
region explained in Section 8.4. However, the leptons in this sample are selected with different
identification criteria. One of the electrons is an ID electron, the other an antiID one. To estimate
the charge misidentification contribution weights have to be constructed as in Eq. (8.5), and hence
additional charge misidentification probabilities are required for the electron that follows the
antiID definition. These are measured on data with a tag-and-probe technique, but nevertheless
preliminary test are performed on Z→ ee simulated events to verify the validity and applicability of
the method. The data and simulated event samples used are described in Section 6.1. In particular
33.9 fb-1 of Z → ee data events collected in 2016 at

√
s = 13 TeV has been used, and Z → ee

POWHEG simulated samples are used for the validation tests.

Probabilities extraction with tag-and-probemethod The likelihood method as used in Chapter 6 is
not suitable for the probability measurement in the ID+antiID region. This is because the likelihood
function assumes the same identification criteria for the two electrons, without differentiating
between the two objects by construction. Therefore in this case, where two different selections are
applied to the electrons, a tag-and-probe method is used, whose basic concepts are introduced in
Section 5.2. The tag object is the electron that passes the ID selection, and the probe the antiID
one. In the following the terms tag and ID electron will be used interchangeably, as well as probe
and antiID.
One of the assumptions in order to use the tag-and-probe method to measure charge misidentifi-
cation probabilities, is that the tag electron did not undergo charge misidentification. The tighter
identification, isolation and kinematic requirements on the tag electron make its probability to
undergo charge misidentification extremely low compared to the probe’s one, nevertheless this
assumption is to be proven.
This is done in simulation, where the probabilities are extracted for the probe by comparing the

103



Background from Charge Misidentification 8. Background Estimation

Table 8.6: Selection for the ID+antiID validation region. The nominal criteria refer to the signal region
objects and events selection as in Table 7.2 and 7.4.

ID+antiID validation region

Nominal pre-selection, p`T and m``
NID-e = 1 and NantiID-e = 1

Truth matching
N`same-charge = 2

Nj < 2 (nominal jet selection)
80 <mee < 100 GeV
EmissT > 30 GeV
Nb-jet = 0

reconstructed charge to the one from simulation, following what is discussed in Chapter 6. They are
shown in Fig. 8.10a and 8.10c, and compared to nominal probabilities for ID electrons of Fig. 8.5,
where the standard methodology was followed to measured the probability for nominal, i.e. ID
electrons. The probabilities for the probe electrons range from 10-2 to 10-1, being one or two order
of magnitude larger that the tag one, depending on the (pT, |η|) bin.
An additional validation is performed as a truth closure test, by comparing the probabilities for the
probe just obtained using the information from simulation with the tag-and-probe method applied
to simulated events. The two are compared, the former shown in Fig. 8.10a and Fig. 8.10c, and the
latter in Fig. 8.10b and 8.10d. The probabilities are considered to be compatible.
Finally, the probabilities for antiID electrons can be measured on Z → ee data events with the
tag-and-probe. The measurement is performed by selecting same-charge events and the charge
misidentification probabilities for the probe, i.e. the antiID electron in this case, can be measured
as the number of same-charge events over all events

ε=
Nwrong charge antiID electrons

Nall antiID electrons
≡
Nsame-charge

Nall
. (8.9)

The measured probabilities for antiID electrons are shown in Fig. 8.11.

Weights construction and estimation in the ID+antiID region The weights for the ID+antiID region
are constructed based on Eq. (8.5), but in this case either the ε1 or ε2 term for each event refers to the
charge misidentification probability for antiID electron just obtained on data with the tag-and-probe
method. The scaling of the opposite-charge events of the ID+antiID sample is ultimately performed,
assuming a good purity in prompt electrons. Prompt electrons are defined as for the nominal
selection discussed in Section 8.4.2 and are electrons not originating from meson, hadron or Dalitz
decays. The purity of the region is checked evaluating the impact of the truth matching requirement
defined in Section 7.3.2, by comparing distributions with and without this selection. This is shown
in Fig. 8.12 where the distributions of the dilepton transverse momenta are displayed, with and
without the prompt requirement. The opposite-charge region used for the estimation is considered
pure enough, as the introduction of the truth matching has no impact on the yields.
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The estimation is finally performed in the ID+antiID region, where opposite-charge events are
weighted to obtain same-charge events to be used in the subtraction during the fake estimation
procedure. The four momentum of the charge-misidentified electron in this region is affected by
the energy correction due to the charge misidentification estimation in addition to the pT + pvarconeT

of the non-prompt estimation.
The estimation is checked in a dedicated validation ID+antiID region, constructed to be as pure as
possible in events from charge misidentification. The region is described in Table 8.6. Fig. 8.13
shows the modelling in the validation region for the η and pT of the leading lepton, which is good
within the statistical uncertainties with a disagreement of 10% on average.
The systematic uncertainties on the background evaluation are estimated in the ee channel by
considering the difference between data yields in the validation region and the predictions, coming
from the estimated charge misidentification events, and further smaller contributions evaluated with
simulation. In total 820.58 charge misidentification events are estimated in this region, with 5.28
events from other processes. Data amounts to 760 events, hence the discrepancy between data and
predictions is of 10%. This is considered as systematic uncertainty on the method and propagated
to the non-prompt background estimation. The propagation does not account for the transfer from
the validation region to the signal region, since the impact of this systematic is considered small
and not a limiting factor to the final precision of the measurement.
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Figure 8.9: Distributions of η and pT for the leading and sub-leading electron, and dilepton invariant
mass for the ee channel in the same-charge inclusive validation region (see Table 8.7 for detailed
description).

106



8. Background Estimation Background from Charge Misidentification

|η|
0 0.5 1 1.5 2 2.5

m
is

-I
D

∈

0

0.05

0.1

0.15

0.2

0.25
 ee Powheg→ = 13 TeV, Z sSimulation, 

 [27,60] GeV∈ 
T

p

 [60,90] GeV∈ 
T

p

 [90,130] GeV∈ 
T

p

 [130,1000] GeV∈ 
T

p

(a)

|η|
0 0.5 1 1.5 2 2.5

m
is

-I
D

∈

0

0.05

0.1

0.15

0.2

0.25
 ee Powheg→ = 13 TeV, Z sSimulation, 

 [27,60] GeV∈ 
T

p

 [60,90] GeV∈ 
T

p

 [90,130] GeV∈ 
T

p

 [130,1000] GeV∈ 
T

p

(b)

T
p

40 60 80 100 120 140

m
is

-I
D

∈

0

0.05

0.1

0.15

0.2

0.25
 ee Powheg→ = 13 TeV, Z sSimulation, 

 [0.0,0.6]∈| η|
 [0.6,1.1]∈| η|
 [1.1,1.52]∈| η|
 [1.52, 1.7]∈| η|
 [1.7, 2.3]∈| η|
 [2.3, 2.5]∈| η|

(c)

T
p

40 60 80 100 120 140

m
is

-I
D

∈

0

0.05

0.1

0.15

0.2

0.25
 ee Powheg→ = 13 TeV, Z sSimulation, 

 [0.0,0.6]∈| η|
 [0.6,1.1]∈| η|
 [1.1,1.52]∈| η|
 [1.52, 1.7]∈| η|
 [1.7, 2.3]∈| η|
 [2.3, 2.5]∈| η|

(d)

Figure 8.10: Charge misidentification probabilities measured for antiID electrons by exploiting the
information from simulation (a,c) and with the tag-and-probe method (b,d) on simulated Z→ ee events
as a function of |η| (top) and pT (bottom). Only statistical uncertainties are shown.
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Figure 8.11: Charge misidentification probabilities for antiID electrons as a two-dimensional map in
(pT, |η|) (a) and as a function of the electron pT (b) and |η| (c). Only statistical uncertainties are shown.
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Figure 8.12: Distributions in the opposite-charge ID+antiID region of the pT of the dilepton pair in the
ee channel without (a) and with (b) prompt lepton requirement (see Section 7.3.2).
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Figure 8.13: Transverse momentum (a) and pseudorapidity distributions (b) for the leading lepton in
the ID+antiID validation region in the ee channel. Only statistical uncertainties are shown.
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8.5 Background Modelling Validation

The modelling of the estimated background processes is tested in validation regions, which are
designed to have a negligible contribution from signal, and to be enriched with events of the
processes that is to be checked. They are not used to derive normalisation factors, hence they do
not play a role in the final fit, as control regions do.
Seven validation regions are defined, which are discussed in the following and summarised in
Table 8.7. The modelling in each region is shown in some illustrative distributions, that compare
data and estimated backgrounds before the fit.

• Same-charge inclusive. It is used to test the background from charge misidentification and
non-prompt leptons. The selection criteria are the same as the signal region, and requiring
no b-jets limits the presence of tt̄ events which contribute to both backgrounds. The charge
misidentification background is enhanced by requiring the invariant mass of the dilepton
system to be within 15 GeV of the nominal Z boson mass in the ee channel only. The
estimation in this region describes data well, and distributions can be seen in Fig. 8.14.

• Same-charge low-∆yj j . It provides a test of the QCD-induced backgrounds, WZ, non-prompt
lepton and charge misidentification backgrounds. The only difference with respect to the
nominal signal region selection is the reversed requirement on ∆yj j , being |∆yj j |< 2. A good
agreement within the large statistical uncertainties is found in this region, and is shown in
Fig. 8.15.

• Same-charge low-mj j . It is used to test the non-prompt lepton background. The selection is
the same as the signal region with the exception of the requirement on the dijet invariant
mass which is reversed to mj j < 500 GeV and the one on ∆yj j which is removed. The missing
∆yj j requirement is also the difference between this validation region and the low-mj j control
region used in the fit. Even without the lower bound on mj j , which is removed to allow
more events to pass the region selection, the statistical uncertainty in this region is quite
large. Nevertheless it is possible to ensure that no significant deviation between data and
predictions is present. Distributions are shown in Fig. 8.16.

• Same-charge low-nj . It is used to test the modelling of the WZ, the non-prompt lepton and
charge misidentification backgrounds, together with other prompt backgrounds. The selection
on the jet multiplicity is inverted with respect to the signal region and only events with at
most one jet are accepted, where the counting is done with jets selected with pre-selection
requirements detailed in Section 7.3.1. Data are described well by the predictions, even within
the small statistical uncertainties, as visible in Fig. 8.17.

• Same-charge top fakes. It is dedicated to the non-prompt lepton background validation. Events
are accepted only if they have exactly one b-jet, hence they are mostly tt̄ events, where the
b-jet is identified as a lepton. The estimation well describes the data in this region almost
everywhere, with a non-significant disagreement observed especially in the high-lepton-pT
region. Distributions are shown in Fig. 8.18.
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• Same-charge top-EW. It is used to test the modelling of the charge misidentification and
tt̄+W/Z backgrounds. Events with exactly two b-jets are selected, and they are mainly events
where one of the leptons undergoes charge misidentification or is a non-prompt lepton. The
jet multiplicity is checked in this region. It is shown in Fig. 8.19a and is found to provide a
good description of the data.

• Trilepton inclusive. It provides a test for the WZ modelling. Exactly three charged leptons
are required, the third one passing the lepton-veto selection and having pT > 15 GeV. The
selection criteria on jets are dropped and no b-jets requirement is applied to reject non-prompt
leptons. For this region all flavour-charge channels are combined and a good agreement is
found between data and predictions except for a mismodelling due to the small number of
available events in the lower m``` bins, as visible in Fig. 8.19b.

In general the validation regions prove that the estimation is reliable for all background processes,
both modelled with simulation and estimated with data. The yields can hence be obtained for the
signal region selection, which will be used as input in the fit for the cross section extraction. This
will be the topic of the next chapter.

Table 8.7: Summary of validation regions. The differences with respect to the signal region are detailed,
together with the background processes that the region is targeting and the channels where the
validation is checked. The signal-region selection on mj j > 500 GeV is not applied in any validation
region. A requirement on mj j > 200 GeV is applied everywhere unless specified otherwise.
Validation region Differences wrt signal region Backgrounds tested

Same-charge inclusive No EmissT requirement Charge misidentification ,

No ∆yj j requirement non-prompt leptons
No mj j requirement

Same-charge low-∆yj j Reversed ∆yj j selection QCD-induced
(similar composition as signal region)

Same-charge low-mj j mj j < 500 GeV Non-prompt leptons,
(similar composition as signal region)

Same-charge low-nj Jets at pre-selection WZ,
Nj < 2 non-prompt leptons
No jet-based quantities requirements Charge misidentification,

prompt leptons

Same-charge top-fakes Nb-jet = 1 tt̄

No ∆yj j requirement (mainly non-prompt leptons with charge misidentification contributions)
No mj j requirement

Same-charge top-EW Nb-jet = 2 tt̄+W/Z

No ∆yj j requirement (mainly non-prompt leptons with charge misidentification contributions)
No mj j requirement

Trilepton inclusive p`2T > 15 GeV WZ

3-leptons requirement
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Figure 8.14: Distributions of the leading lepton pT in the µ±e± channel (a), sub-leading lepton pT in
the e±e± channel, EmissT (c) and jet multiplicity (d) in the combined e±µ± + µ±e± channels in the
same-charge inclusive validation region. Only statistical uncertainties are shown.
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Figure 8.15: Distribution of the dijet invariant mass in the µ±µ± channel in the same-charge low-∆yj j
validation region. Only statistical uncertainties are shown.
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Figure 8.16: Distributions of the sub-leading lepton pT in the e±µ± channel (a) and dijet invariant mass
in the µ±e± channel (b) in the same-charge low-mj j validation region. Only statistical uncertainties
are shown.
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Figure 8.17: Distributions of the sub-leading lepton pT in the e±e± channel (a) and the sub-leading lep-
ton pseudorapidity in the e±µ± channel (b) in the low nj validation region. Only statistical uncertainties
are shown.
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Figure 8.18: Distributions of the leading lepton pT in the µ±µ± channel (a), sub-leading lepton pT in
the e±e± channel (b), jet multiplicity in the e±µ± channel (c) and dijet invariant mass in the µ±e±

channel (d) in the same-charge top-fakes validation region. Only statistical uncertainties are shown.
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Figure 8.19: Distributions of the jet multiplicity for the µ±e± channel in the same-charge top-EW
validation region (a) and the trilepton invariant mass for all channels combined in the trilepton inclusive
validation region (b). Only statistical uncertainties are shown.
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9 Cross Section Measurement

This chapter is dedicated to the procedure used to translate event yields into the measurement of
the process cross section in a fiducial region. The bases of the methodology are given in Section 9.1
and Section 9.2 describes the predictions in the fiducial volume. The systematic uncertainties and
the description of the fitting procedure are presented in Section 9.3 and Section 9.4 respectively.
The expected results are discussed in Section 9.5, while Section 9.6 is dedicated to the results on
observed data. In Section 9.7 studies are presented, which prove the independence of the measured
cross section with respect to the signal predictions. Finally, a brief overview and outlook an the
interpretation of results is given in Section 9.8.

9.1 Methodology

9.1.1 Maximum Likelihood Method

In this analysis a profile likelihood approach is used to extract the amount of signal and background in
a signal region, and to accurately account for the related uncertainties. This is based on a maximum
likelihood fit [147–149], where the effect of systematic uncertainties is taken into account by a set
of parameters. These are the so-called nuisance parameters and need to be estimated from data or
from some auxiliary measurement, but are not of primary interest in the fit result.
The signal strength µ is generally (one of) the parameter(s) of interest of the fit. This is defined as

µ=
σmeas
σtheo

, (9.1)

which is the ratio between the measured cross section of the process under investigation and its
theoretical prediction, the SM one in the case of this analysis.
The signal strength is a continuous parameter that corresponds to zero in case of the background-
only hypothesis, and 1 in case of the hypothesis of signal and background predicted by the theory.
Given S signal events and B background events, the likelihood function is built starting from the
general definition

L(S) =
(S+B)n

n!
e−(S+B), (9.2)

modified so that the signal is multiplied by the parameter µ. Furthermore, a binned kinematic space
is usually considered, so that the likelihood function becomes a product of several Poisson terms,
as events in each bin are expected to follow a Poissonian distribution.
Considering the regions r and the bins b, and neglecting for the moment the systematic uncertainties,
the likelihood function is

Lmain(nrb,µ) =
∏
r

∏
b

(µSrb +Brb)nrb

nrb!
e−(µSrb+Brb), (9.3)

where nrb is the number of observed events in each region and bin.
By introducing the systematic uncertainties, the signal and each background acquire a dependency
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on the respective nuisance parameters ~θ, and the shape and normalisation of their templates is
modified when varying the values for these parameters. Therefore, maximising the likelihood
function yields to a simultaneous measurement of the nuisance parameters and the parameter(s) of
interest µ, with best-fit values ~̂θ and µ̂ respectively.
Usually ~θ are provided with a central value, determined from what is generally addressed as
auxiliary measurement, and a ±1σ variation, where σ is their related uncertainty derived from that
measurement. This plus–minus variation is transferred into continuous distributions to interpolate
intermediate variation values, and conventionally the nominal nuisance parameter is θ = 0 and the
±σ variation corresponds to ±1.
The likelihood function of Eq. (9.3) is modified to include the information of the nuisance parameters
as

L(nrb,µ,~θ) = Lmain(nrb,µ,~θ) ·
∏
p

F (θp) . (9.4)

The last term represents the probability distribution of the nuisance parameter that describes the
previous knowledge on the parameter, i.e. the prior. Usually this is parametrised by a Gaussian
distribution Gaus (θp|0,1), but other functional forms can be used as well, like a log-norm function.
Nuisance parameters can be classified into three classes

• floating normalisation factors without prior, which include the parameter(s) of interest, such
as µ;

• uncertainties with prior, that can have an overall normalisation effect on the distributions
and can be correlated through the bins;

• scale factors for the statistical uncertainties in simulation, which are usually given bin-
by-bin and are shared for all samples following an approximation of the Barlow-Beeston
treatment [149].

The validity of Eq. (9.4) is ensured if pre-fit uncertainties are considered uncorrelated.
The probability of observing a certain number of events is maximised by minimising the negative
logarithm of the likelihood function with respect to all parameters, keeping as free parameter the
signal strength µ, which is then determined by the fit, and other free normalisation parameters
if present. In this case regions dominated by a background of interest can be included in the
formulation of the likelihood to obtain information on constraints or correlations among parameters
in that region.
The observed data can be substituted by the Asimov dataset [150], which is an artificial dataset where
all the observed quantities are fixed to their expectation values. This means that the parameter µ is
fixed to the value relative to a certain signal hypothesis, and other free normalisation parameters,
if present, are fixed to their expected values. Their expected value can be retrieved for example
with a fit in a separated control region.
In general a fit is defined conditional when parameters are fixed to some values, which can be their
expected value or can serve to test different hypotheses like the background-only one, where the
signal strength is set to zero. In the unconditional fit free floating parameters are determined from
the maximisation.
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The significance is determined by defining a test statistic

qs =−2ln
L(nrb,µ,

ˆ̂~θ)

L(nrb, µ̂, ~̂θ)
, (9.5)

where
ˆ̂~θ are the values that maximise the likelihood function for a given µ. In the denominator the

values of both µ̂ and ~̂θ are the values that give the maximum of the likelihood. By setting the µ to
zero the test statistic evaluates the compatibility of the observed data with the background-only
hypothesis.

9.1.2 Cross Section Extraction

From the definition of the signal strength in Eq. (9.1), the measured cross section is extracted as
σmeas = µ̂σtheo, where µ̂ is obtained from the profile fit. The kinematic regions involved in the
measurement are defined at two levels, namely generation-level, where simulated quantities are
considered before being reconstructed, and reconstruction-level. The so-called fiducial region is
defined at generation-level with selection criteria that follow closely the reconstruction-level ones
of the signal region. The cross section measurement is obtained in the fiducial region, and derived
as

σfidmeas = µ̂ ·σfidtheo
= µ̂ ·σtottheo ·A.

(9.6)

The factor A is the acceptance, and accounts for the restriction from the total phase to the fiducial
region, due to the detector geometry and kinematic selection criteria. It is defined as

A =
Nfidsig, MC, gen

Ntotsig, MC, gen
, (9.7)

and its action is sketched in Fig. 9.1. The term Nfidsig, MC, gen represents the number of signal events
from simulation at generation-level, counted in the fiducial region, while the term Ntotsig, MC, gen
indicates the signal events from simulation at generation-level in the total phase space. Therefore,
the total theoretical cross section multiplied by the acceptance in Eq. (9.6) gives the theoretical
fiducial cross section, i.e. the cross section predicted in the phase space defined by the geometrical
acceptance and the specific kinematic selection. Theoretical uncertainties enter the calculation
of the total theoretical cross section and the acceptance, since the latter is derived with Eq. (9.7)
using generation-level information. The ones affecting only the kinematic acceptance enter the
acceptance factor, and are the only theoretical uncertainties entering the measurement together
with the shape uncertainties, since normalisation uncertainties cancel in the calculation from
Eq. (9.6). All experimental and remaining theory uncertainties are accounted for in the fit, and hence
affect the measurement of µ.
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GENERATION-level

Fiducial region

RECONSTRUCTION-level

Signal regionA

Ci

Total phase space

Figure 9.1: Kinematic regions involved in the cross section calculation. The acceptance is indicated
with A, while Ci represents the vector of efficiency correction factors.

9.1.3 Generation- to Reconstruction-Level Propagation

Based on the definitions of signal strength of Eq. (9.1) and total cross section of Eq. (9.6), the number
of expected signal events in a signal region defined at reconstruction-level can be expressed as

NSRsig, exp = µ ·L ·σfidtheo ·A ·C. (9.8)

The term L indicates the total integrated luminosity of the dataset under study, whilst the factor C
is the so-called efficiency correction factor. It accounts for detector and reconstruction inefficiencies,
resolution effects and migrations in and out of the fiducial region, i.e. for events which are generated
outside of the fiducial region, and reconstructed in the signal region. Considering a binned kinematic
phase space, it is defined in a bin i as

Ci =
NSRsig, MC, recoi
Nfidsig, MC, geni

, (9.9)

where the numerator indicates the number of simulated signal events counted at reconstruction-level
in a bin i of the signal region, whilst the number of simulated signal events counted at generation-
level in the same bin i of the fiducial region enters the denominator. The action of the efficiency
correction factor is depicted schematically in Fig. 9.1. When considering differential distributions
also the migration of events which are generated in a certain bin j at reconstruction-level and
reconstructed in bin i can become sizeable, and needs to be accounted for. The vector of efficiency
correction factors is substituted with a response matrix Ri j that describes both migration effects in
and out of the fiducial region and through the bins, and accounts for efficiency effects as well. Each
element of the matrix is defined as the probability p(reco|true) that an event is reconstructed in a
bin i given that it was generated in bin j . It is hence calculated as a ratio between the number of
events Nreco(binrecoi ,bingenj ) reconstructed in bin i that were generated in a generation-level bin j ,
over the total number of events Ngen(bingenj ) generated in a generation-level bin j

Ri j =
Nreco(binrecoi ,bingenj )

Ngen(bingenj )
.
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In contrast with the C factors, also generation-level information are considered in the numerator of
the response matrix.

9.2 Predictions in the Fiducial Region

9.2.1 Fiducial Region Definition

Based on the kinematic selection that defines the signal region, detailed in Section 7.3.2, the fiducial
region is defined at generation-level with criteria that to follow closely the signal region ones. It is
defined by requiring

• two prompt leptons (e, µ), with pT > 27 GeV and |η|< 2.5. Bremsstrahlung photons are added
to the leptons within the cone ∆R(`,γ)< 0.1;

• transverse momentum of the two-neutrino system of pννT > 30 GeV;

• at least two jets1 with pj0T > 65 GeV and p
j1
T > 35 GeV, |η|< 4.5, reconstructed with the anti-kt

algorithm with a radius parameter R = 0.4;

• the minimum ∆R between leptons and jets must be ∆R(`, j)> 0.3;

• mj j > 500 GeV and ∆yj j > 2.0.

Since only electrons and muons are considered in the fiducial region, events which contain one
or both leptons originated from τ decays are excluded. Nevertheless they can be reconstructed in
the signal region, and these migrations need to be accounted for. This is done in the analysis by
subtracting the predicted fraction of events involving tau decays when performing the propagation
from generation- to reconstruction-level described in Section 9.1.3. This is done instead of sub-
tracting the number of events predicted by simulation and it relies on the correct modelling of the
W → τν branching fraction.

9.2.2 Theoretical Fiducial Cross Section

The theoretical uncertainties accounted for in the calculation of the fiducial cross section prediction
are related to the choice of the simulation parameters, in particular the PDF set and αs, and the
renormalisation and factorisation scales µR and µF. Uncertainties from parton shower and its
matching to the matrix element are accounted for as well.

The nominal expected cross section is evaluated with the nominal signal sample SHERPA 2.2.2 in
the fiducial region detailed in Section 9.2.1 at LO to be

σfidLO EW, SHERPA = 2.01±0.02(stat)+0.29−0.23(scale)
+0.16
−0.02(parton shower)

+0.05
−0.03(PDF+αs) fb. (9.10)

1Jets are reconstructed clustering all final state particles excluding neutrinos, muons from b or c decays, prompt leptons
fromW or Z boson decays and prompt photons.
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9.2.3 Treatment of Higher Order Corrections and Interference

The LO fiducial cross section prediction is the baseline for the analysis. This because the interference
with the QCD background, as detailed in Section 2.4.1, is defined only at leading order [28] and the
event generator existing at the time of the analysis did not include NLO EW corrections2.
Nevertheless, corrections at NLO EW to the pp→ `±ν`±νj j EW process are calculated in Ref. [28]
and are provided there at parton level in a phase space almost identical to the analysis’ fiducial
region, except for the mj j requirement. The corrections provided correspond to the O(α7EW), since
they are the dominant ones, as discussed in Section 2.4.1. These can be used to obtain an estimation
of the cross section value at higher EW orders. A k-factor is calculated in the fiducial region as

k=
σfidNLO
σfidLO

= 0.842, (9.11)

with a negligible statistical uncertainty. The NLO EW corrections include real emissions of photons
in the final state, which are also accounted for in the parton shower in the SHERPA nominal sample.
To estimate the double counting a sample is produced with SHERPA without the final state QED
radiation. The difference between the two lays within the statistical uncertainty, the double counting
is hence neglected and the nominal parton shower settings are used.
In addition to the NLO EW corrections, also the interference contribution is not accounted for in the
calculation of the predicted cross section of Eq. (9.10). At reconstruction level, although, interference
necessarily enters the signal region. As an important consequence the signal definition includes the
interference, estimated to be around 6% of the electroweak cross section in the fiducial region of
the analysis [37].

9.2.4 Signal Samples Comparison

The alternative two MADRAPH5 samples and the POWHEG sample introduced in Section 7.1.2 are
compared to the nominal SHERPA sample in the fiducial region. Table 9.1 offers an overview of the
generators characteristics, cross sections and acceptances.
The cross section predicted by SHERPA shows tensions with respect to the other generators. Detailed
studies have been performed on the topic, which are documented in Ref. [152]. In particular this
sheds light on the SHERPA mismodelling of the color flow in the parton shower. This increases the
central jet emission, but since the matrix element includes up to one additional parton the effect is
not very visible in differential distributions, but causes the lower cross section value. Nevertheless,
the results are derived with the signal sample generated with SHERPA 2.2.2 and the independence of
the physics measurement from this choice will be tested afterwards and presented in Section 9.7.

2A generator is now available for the pp→ `±ν`±νjj process, with ` = e,µ, that includes NLO EW corrections. It is
based on POWHEG in combination with the matrix-element generator RECOLA [151].
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Table 9.1: Comparison of signal samples. The different characteristics are summarised together with
the predictions, calculated on the generated samples. The uncertainties are the statistical uncertainties
on the event generation. The fiducial phase space is defined in Section 9.2.1, while the fiducial cross
section with NLO electroweak correction is obtained by applying the k-factor from Eq. (9.11).

Generator SHERPA 2.2.2 MADRAPH5 2.3.3 A MADRAPH5 2.3.3 B PowhegBox_V2

Order (QCD) 2,3j@LO LO LO NLO
Order (EW) LO LO LO LO
Processes included VBS, triboson, non-resonant VBS, triboson, non-resonant VBS, triboson, non-resonant VBS, non-resonant
Scales µF, µR dynamical: mtrueWW dynamical: sum of transverse masses fixed: mW fixed: mW
Parton shower SHERPA PYTHIA8 8.212 PYTHIA8 8.212 PYTHIA8 8.230
Generator cross section (fb) 40.81±0.05 40.16±0.07 43.53±0.09 28.70±0.05

Acceptance in fid PS 0.0493±0.0002 0.0680±0.0005 0.0801±0.0006 0.1074±0.0006

Fid. cross section (fb) 2.01±0.02 2.77±0.02 3.49±0.03 3.08±0.01

Fid. cross section with NLO EWK corr. (fb) 1.69±0.02 2.33±0.02 2.94±0.03 2.62±0.01

9.3 Systematic Uncertainties

9.3.1 Theoretical uncertainties

The theoretical systematic uncertainties on the signal sample are the onesmentioned in Section 9.2.2
for the calculation of the theoretical fiducial cross section. Besides the standard recommended
variations related to the simulation parameters, additional uncertainties have been considered. One
accounts for the missing NLO EW corrections, discussed in Section 9.2.3, and one is related to the
interference between the EW- and QCD-induced final states.
The recommended theoretical uncertainties are evaluated not only for the W±W±j j EW sample,
but also for the W±W±j j QCD and WZ processes, for which EW and QCD modes are combined
in the signal region and low-mj j control region. They are evaluated in the WZ control region as
well, for the W±W±j j samples and for the WZ process. The parton shower uncertainty and the
one due to the missing NLO EW corrections and to the interference for the W±W±j j process are
not considered in this region. The latter ones are not provided in the WZ control region as no
reconstructed sample is available for parton shower evaluation. The results for the WZ control
region are summarised in Table 9.2.
The theoretical uncertainties are calculated for all channels combined to maximise the number of
events under study. The mj j binning is the same as used in the final fit. For fiducial quantities all
these components are added in quadrature to form what is called the total theoretical uncertainty. The
parton shower uncertainty and the NLO and interference corrections are provided at generation-level
and are propagated to reconstruction-level with a response matrix, as described in Section 9.1.3.
This is derived as described there on themj j distribution using SHERPA 2.2.2, and is shown in Fig. 9.2.
The evaluation of the theoretical uncertainties is detailed in the following.

Recommended simulation uncertainties

PDF including αs As described in Chapter 3 the uncertainties in the determination of PDFs come
from the experimental uncertainties from the dataset and the choice of the functional form of the
PDF fit [51]. The nominal PDF set for the three samples is the NNPDF3.0 [137], and the uncertainty is
assessed both by varying internal parameters and by considering the differences between different
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Figure 9.2: Response matrix for the mj j distribution. The matrix elements represent the conditional
probability p(reco|true) that a W±W±j j electroweak event is reconstructed in a certain mj j bin at
reconstruction-level, given that it was generated with a certain value in a bin of mj j at generation-
level [5].

Table 9.2: Summary of relative theoretical uncertainties for the WZ and W±W±j j process in the WZ
control region combined in all channels. The EW and QCD contributions are listed separately for the
WZ, but they are combined in the fit.

Process WZ QCD WZ EW W±W±j j

MC statistics [%] ±0.9 ±0.8 ±50

7-point scale [%] .+28.8−19.7 .+6.8−5.9 ±33

PDF envelope [%] .+2.02−1.31 .+3.52−3.52

αs uncertainties [%] .+0.71−0.77 .+0.76−1.26
Parton shower [%] ±24.9 –

PDF sets, where CT14 and the MMHT2014 PDF sets are used for this purpose. The final PDF
uncertainty is computed by taking the envelope of the two uncertainties in the mj j distribution.
It ranges from ∼0.5% to ∼1.4% for W±W±j j EW in the signal region, while it affects more the
W±W±j j QCD and WZ in the same region going up to about 5.8%.
The uncertainties on αs are related to the fact that it is determined using truncated fixed order
calculations. The nominal value at the mZ scale is 0.118, and the uncertainties are computed
by evaluating the PDF set with varied αs values. The size of the uncertainty related to the αs
variation is around 2% for W±W±j j EW, W±W±j j QCD and WZ combined in all fitting regions,
which is of comparable size of the statistical uncertainty of the nominal prediction. The PDF and αs
uncertainties are combined in quadrature for the fit.

Scale variation The missing higher order contributions to the partonic cross section are estimated
through an uncertainty, as stated in Chapter 3, that is assessed by varying the factorisation and
renormalisation scales µF and µR by factors of 0.5 and 2 with the constraint 0.5 < µF/µR < 2,
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9. Cross-section measurement Systematic Uncertainties

following the 7-point scale variation method. A symmetrised envelope of all variations is then
considered as systematic uncertainty. For all the regions this uncertainty is dominated by the µR
variation. For the WZ sample this is the dominant uncertainty amounting to 20-30%, as reported
in Table 9.2.

Parton shower To evaluate the parton shower uncertainties on theW±W±j j EW and QCD samples,
the envelope of five variations is considered, each of them deriving from a variation of internal
shower parameters of the SHERPA generator, such as the shower merging scale, the shower end
scale and the variation of the kinematic recoil scheme. They are available at particle level, and
therefore need to be propagated to reconstruction level with the response matrix shown in Fig. 9.2,
retrieved following what has been explained in Section 9.1.3. The variation for the W±W±j j EW
sample reaches up to 12% in the low-mj j region and lays around 5-7% in the signal region.
For theWZ sample the uncertainty is derived by taking the relative difference between the sample
generated with POWHEG and interfaced either to PYTHIA 8 or Herwig++, and then applying this
difference to the nominal SHERPA sample. This reaches values around 25%, as reported in Table 9.2.
In general the largest uncertainties are related to the scale variation in all regions, followed by the
parton shower and PDF+αs summed in quadrature with the smallest contribution.

Next-to-leading order EW corrections

The NLO EW corrections for the W±W±j j EW process provided in Ref. [28] are given as differential
distributions of the cross section in mj j bins of 40 GeV, from 0 GeV to 13000 GeV. They are provided
at generation-level and applied in the analysis to the LO mj j distribution to obtain the NLO one.
The two distributions obtained in this way are propagated to reconstruction-level with the response
matrix shown in Fig. 9.2. After normalising the NLO distribution to the LO one the relative difference
between the two is symmetrised and considered as a variation of the nominal LO electroweak signal.
They are computed for all channels combined since no different behaviour is expected for the NLO
EW corrections for different lepton charge and flavour.

Interference between EW and QCD production

The interference between electroweak and QCD production is quantified in the analysis with
MADRAPH5, which allows to produce samples based on the coupling order information at the Matrix-
Element-Square level and can therefore produce the interference term alone. The interference term
is generated for the process pp→ µ+νµ+νj j in a phase space that requires |∆ηj j |< 10, pjT > 20 GeV
and no selection on mj j . The cross sections are listed in Table 9.3, and are derived from an inclusive
sample generated in addition, that includes the EW, QCD and interference term. The electroweak
production contributes around 57% to the total cross section, the QCD production 37%, and the
interference around 6%.
In order to account for the interference as systematic uncertainty on the signal, the ratio between
the interference part and the EW-only part is computed in bins of mj j . This is considered as a
systematic variation from the nominal distribution and is then symmetrised. This is evaluated in all
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(a) (b)

Figure 9.3: Dijet invariant mass (a) and rapidity separation between the two jets (b) for the three LO
contributions to the process pp→ µ+νµe

+νe j j . The EW component is depicted in red, the QCD in
orange and the interference in grey. The blue line indicates the sum of all contributions. The kinematic
region used to generated the distributions is similar to the fiducial region used in the analysis, but no
selection criteria on mj j and ∆yj j are applied [37].

Table 9.3: Cross section values for the process pp→ µ+νµ+νj j for the inclusive EW, QCD and interfer-
ence production σinc, and for the EW- (σEW), QCD- (σQCD) and interference-only (σint) production. The
computation is performed in the phase space |∆ηj j |< 10, pjT > 20 GeV.

σinc [fb] σEW [fb] σQCD [fb] σint [fb]

3.646±0.001 2.132±0.001 1.371±0.001 0.2270±0.0002

channels combined, as no dependency on lepton charge and flavour is expected. Fig. 9.3 shows the
mj j and ∆yj j distributions for the different contributions, as calculated in Ref. [37]. The interference
contribution is concentrated in the same part of the phase space as the QCD background, which is
clearly visible in the ∆yj j distribution.

9.3.2 Experimental uncertainties

Uncertainties in the procedure of object reconstruction, signal prediction and background estimation,
luminosity measurement and pile-up are propagated in the estimation of the physics processes
and affect the event yields. The systematic uncertainties considered in the analysis related to
electrons concern energy resolution, energy scale, identification, isolation, reconstruction and trigger
efficiencies. For muons, inner detector and track resolution, spectrometer resolution, momentum
scale, trigger and isolation efficiencies are considered. The systematic uncertainties taken into
account for jets are the energy resolution (JER), energy scale (JES), JVT efficiency and b-tag efficiency,
whilst the resolution and scale uncertainties are considered for the missing transverse energy. Two
additional uncertainties are related to the luminosity measurement and the pile-up reweighting.
The uncertainties that refer to the estimation of backgrounds based on data are treated in Chapter 8
for each contribution. In particular four uncertainties are related to the estimation of the non-
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Table 9.4: Experimental systematics uncertainties for theW±W±j j EW processes in all channels before
the fit. The effects of all nuisance parameters are added in quadrature.

W±W±j j EW ee % Yield eµ % Yield µµ % Yield

Jet-related Uncertainties 2.28 2.22 2.28

b-tagging efficiency 1.81 1.76 1.74

Pile-up 0.48 0.97 2.42

Trigger efficiency 0.02 0.08 0.47

Lepton reconstruction and identification 1.45 1.14 1.83

MET reconstruction 0.26 0.17 0.21

Table 9.5: Experimental systematics uncertainties for theW±W±j j QCD processes in all channels before
the fit. The effects of all nuisance parameters are added in quadrature.

W±W±j j QCD ee % Yield eµ % Yield µµ % Yield

Jet-related Uncertainties 3.41 3.04 2.85

b-tagging efficiency 2.56 2.48 2.48

Pile-up 4.99 0.45 0.33

Trigger efficiency 0.02 0.08 0.41

Lepton reconstruction and identification 1.62 1.19 1.89

MET reconstruction 0.41 0.22 0.34

prompt lepton background, that refer to the fake-factor measurement, and two to the charge
misidentification background, related to the scale factors measurement and the energy correction.
Each source is treated independently in the fit implementation.
Their effect on the events yield is summarised in Table 9.4 for the signal and in Tables 9.5 to 9.6 for
the W±W±j j QCD and WZ background processes. The main impact on the yield is given by the jet
uncertainty, which is around 2% for the W±W±j j EW process, 3% for the W±W±j j QCD one and
9% for the dominant WZ background. It causes large uncertainties in the other backgrounds as
well, but the impact on the analysis is small due to the lower contribution of processes like tt̄+W/Z,
V γ and ZZ.
The largest impact in the yield variation due to uncertainties on the charge misidentification
background estimation is given by the statistical uncertainty on the scale factors.
The uncertainty on the integrated luminosity, obtained following a calibration of the luminosity
scale [153] is 2.1%.

9.3.3 Treatment in the Fit

The theoretical and experimental systematic uncertainties are accounted for with nuisance parame-
ters in the fit, included as overall normalisation factors that change the yield of a certain physics
process and as shape variations that affect the distribution of events with respect to a certain variable.
In addition, a cross section uncertainty is assigned as normalisation uncertainty on the predictions
for ZZ, triboson, tt̄+W/Z,Wγ and Zγ processes based on Refs. [154–156]. They vary from 20% to
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Table 9.6: Experimental systematics uncertainties for the WZ process in all channels before the fit.
The effects of all nuisance parameters are added in quadrature.

WZ ee % Yield eµ % Yield µµ % Yield

Jet-related Uncertainties 9.58 5.03 8.45

b-tagging efficiency 2.49 2.23 2.40

Pile-up 2.99 3.49 3.33

Trigger efficiency 0.03 0.09 0.43

Lepton reconstruction and identification 1.52 1.24 3.07

MET reconstruction 0.93 0.79 1.63

Table 9.7: Cross section normalization uncertainties assigned to simulated background processes [154–
156].

Process Uncertainty

ZZ 20 %
Triboson 30 %
tt̄V 30 %
Wγ 20 %
Zγ 20 %

30% and are reported in Table 9.7. For the Wγ and the Zγ backgrounds the additional uncertainty
of 44% discussed in Section 8.3 is considered. Despite these high values, these uncertainties do
not have a big impact on the measured signal cross section due to the extremely low event yields
of these processes. An overview of all nuisance parameters is given in Table 9.8 for theoretical
uncertainties, while the experimental ones are summarised in Table 9.9. The names are listed
together with a short explanation of their meanings.

For the signal, the W±W±j j QCD and the WZ samples, the recommended uncertainties related
to PDF+αs, renormalisation and factorisation scale and parton shower are computed as detailed
in Section 9.3.1 and are included as shape variation. The normalisation effect for the signal
sample is included in the uncertainties on the predicted fiducial cross section. For this reason
the uncertainties on the signal sample are normalised to the nominal prediction to avoid double
counting. The uncertainty related to the NLO EW correction is considered as a nuisance parameter
applied as a shape uncertainty on the signal, as well as the interference between electroweak and
QCD production.

The experimental uncertainties listed in Section 9.3.2 are included as shape and normalisation
uncertainties. Also the two nuisance parameters related to the estimation of the charge misidentifi-
cation background and the four nuisance parameters of the non-prompt background are accounted
for as shape and normalisation uncertainties.

In order to account for the systematic uncertainties related to the limited number of simulated
events, a single nuisance parameter per mj j bin, region and channel is considered, instead of
multiple ones for each simulated sample [149]. In each bin the total uncertainty is built from the
ones related to each sample, and the parameter is defined by considering the relative uncertainty
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Table 9.8: Name and description for nuisance parameters related to the theoretical systematic uncer-
tainties.

Systematic uncertainty Short description

W±W±j j EW

signal_EW6_TheoPDF PDF shape uncertainty
signal_EW6_TheoScale Scale shape uncertainty
signal_EW6_TheoShower Parton Shower shape uncertainty
signal_EW6_TheoAlphas QCD coupling scale shape uncertainty

TheoInterference Interference between W±W±j j QCD and EW shape uncertainty
TheoEWCorr missing NLO EW corrections shape uncertainty

W±W±j j QCD

signal_EW4_TheoPDF PDF shape and normalisation uncertainty
signal_EW4_TheoScale Scale shape and normalisation uncertainty
signal_EW4_TheoShower Parton Shower shape and normalisation uncertainty
signal_EW4_TheoAlphas QCD coupling scale shape and normalisation uncertainty

WZ

WZ_TheoPDF PDF shape uncertainty
WZ_TheoScale Scale shape uncertainty
WZ_TheoShower Parton Shower shape uncertainty
WZ_TheoAlphas QCD coupling scale shape uncertainty

on the total event yield. The signal sample corresponds to a large integrated luminosity, so that
including its uncertainty can artificially drive the expected significance. Therefore, it is usually not
accounted with a nuisance parameter related to the amount of simulated events.
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Table 9.9: Name and description for nuisance parameters related to the experimental systematic
uncertainties.

Systematic uncertainty Short description

Dataset
Luminosity uncertainty on total integrated luminosity
PRW_DATASF uncertainty on pile-up reweighting

Electrons
EL_EFF_Trigger_Total_1NPCOR_PLUS_UNCOR trigger efficiency uncertainty
EL_EFF_Reco_Total_1NPCOR_PLUS_UNCOR reconstruction efficiency uncertainty
EL_EFF_Iso_Total_1NPCOR_PLUS_UNCOR isolation efficiency uncertainty
EL_EFF_ID_CorrUncertaintyNP identification efficiency uncertainty
EL_EFF_ID_SIMPLIFIED_UncorrUncertaintyNP identification efficiency uncertainty
EG_RESOLUTION_ALL energy resolution uncertainty
EG_SCALE_ALLCORR energy scale uncertainty
EG_SCALE_E4SCINTILLATOR energy scale uncertainty
EG_SCALE_LARCALIB_EXTRA2015PRE energy scale uncertainty
EG_SCALE_LARTEMPERATURE_EXTRA2015PRE energy scale uncertainty
EG_SCALE_LARTEMPERATURE_EXTRA2016PRE energy scale uncertainty

Muons
MUON_EFF_TrigStatUncertainty trigger efficiency uncertainty (stat)
MUON_EFF_TrigSystUncertainty trigger efficiency uncertainty (syst)
MUON_EFF_STAT reconstruction and ID efficiency uncertainty for muons with pT > 15 GeV (stat)
MUON_EFF_SYS reconstruction and ID efficiency uncertainty for muons with pT > 15 GeV (syst)
MUON_EFF_STAT_LOWPT reconstruction and ID efficiency uncertainty for muons with pT < 15 GeV (stat)
MUON_EFF_SYST_LOWPT reconstruction and ID efficiency uncertainty for muons with pT < 15 GeV (syst)
MUON_ISO_STAT isolation efficiency uncertainty (stat)
MUON_ISO_SYS isolation efficiency uncertainty (syst)
MUON_TTVA_STAT track-to-vertex association efficiency uncertainty (stat)
MUON_TTVA_SYS track-to-vertex association efficiency uncertainty (syst)
MUON_ID momentum resolution uncertainty from inner detector
MUON_MS momentum resolution uncertainty from muon system
MUON_SCALE momentum scale uncertainty

Jets
JET_EffectiveNP energy scale uncertainty from the in situ analysis
JET_EtaIntercalibration_Modeling energy scale uncertainty on eta-intercalibrations
JET_EtaIntercalibration_TotalStat energy scale uncertainty on eta-intercalibrations
JET_EtaIntercalibration_NonClosure energy scale uncertainty on eta-intercalibrations
JET_Pileup_OffsetMu energy scale uncertainty on pile-up
JET_Pileup_OffsetNPV energy scale uncertainty on pile-up
JET_Pileup_PtTerm energy scale uncertainty on pile-up
JET_Pileup_RhoTopology energy scale uncertainty on pile-up
JET_Flavor_Composition energy scale uncertainty on flavour composition
JET_Flavor_Response energy scale uncertainty on samples’ flavour response
JET_BJES_Response energy scale uncertainty on b jets
JET_PunchThrough_MC15 energy scale uncertainty for punch-through jets
JET_SingleParticle_HighPt energy scale uncertainty from the behaviour of high-pT jets
JET_JER_SINGLE_NP energy resolution uncertainty
JET_JvtEfficiency JVT efficiency uncertainty
FT_EFF_Eigen_B b-tagging efficiency uncertainties (“BTAG_MEDIUM”): 3 components

for b jets (FT_EFF_Eigen_B), 3 for c jets (FT_EFF_Eigen_C) and
5 for light jets (FT_EFF_Eigen_L)

FT_EFF_Eigen_C
FT_EFF_Eigen_L
FT_EFF_extrapolation b-tagging efficiency uncertainty on the extrapolation to high-pT jets
FT_EFF_extrapolation_from_charm b-tagging efficiency uncertainty on tau jets

MET
MET_SoftTrk_ResoPara track-based soft term related longitudinal resolution uncertainty
MET_SoftTrk_ResoPerp track-based soft term related transverse resolution uncertainty
MET_SoftTrk_Scale track-based soft term related longitudinal scale uncertainty

Fakes
FakeElSta statistical uncertainty due to electron fakes
FakeElSys systematic uncertainty due to electron fakes
FakeMuSta statistical uncertainty due to muon fakes
FakeMuSys systematic uncertainty due to muon fakes

Charge Flip
CF_NoCorr effect of not using energy corrections (one-sided)
CF_SFunc effect of varying the scale factors
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9.4 Fitting Methodology

In order to extract the signal strength and cross section for theW±W±j j EW process, the maximum
likelihood method explained in Section 9.1.1 is performed on the invariant mass distribution of
the two tagging jets. In combination to the signal region which has lower edge at mj j > 500 GeV,
two additional regions are fit simultaneously, the low-mj j and theWZ control regions. The low-mj j
control region is added to the signal region due to a non-negligible presence of signal events, but
it receives large contributions from WZ and non-prompt lepton events as well, which are hence
constrained in the fit. The low-mj j control region differs from the signal region only in the mj j
range, being 200 <mj j < 500 GeV, where the upper bound is set to remove signal contributions.

The WZ control region is defined by requiring a third lepton with pT > 15 GeV, and a lower limit
on the invariant mass of the three leptons is imposed at 106 GeV to reduce contributions from
Z/γ∗+jets and Zγ+jets processes. An opposite-charge same-flavour dilepton pair is required to
select Z bosons, while all other criteria reflect the signal region selection. However in the WZ
control region the tagging jets could derive from different processes with respect to the signal
region. The three leptons requirement in theWZ region makes it likely for the jets to be originated
from initial partons, while the jets in the signal region could derive from hadronic W decays, τ
leptons or leptons outside the acceptance. Therefore, the mj j distribution is slightly harder in the
WZ control region, as can be seen in Fig. 9.4. The normalisation µWZ of the WZ background is
considered as a floating parameter in the final fit.

Fourmj j bins are considered in the signal region, optimised to increase the expected signal sensitivity,
with lower boundaries at 500 GeV, 700 GeV, 1000 GeV and 1500 GeV. In the low-mj j control region
only one mj j bin is considered, as well as for the WZ control region. The signal region is split
into six channels based on lepton charge and flavour categorisation, namely e±e±, µ±µ± and
e±µ± , to better exploit the different background compositions among the channels. The same
splitting applies to the low-mj j control region, as this is included to test the constraining power
on the non-prompt background, and the ratio of WZ to non-prompt events varies between lepton
channels. The lepton charge and flavour channels are combined in the WZ control region.

Significance extraction Before performing the final combined fit, the expected significance is
extracted. This is done deriving the test statistic with Eq. (9.5), where the conditional fit in the
numerator is evaluated for µ = 0, i.e. for the background-only hypothesis. To evaluate the expected
significance a fit is performed first in the two control regions with observed data, to measure the
normalisation of the WZ process. An Asimov dataset, defined in Section 9.1.1, is then regenerated
taking into account this value. Finally the combined fit in all three regions is performed leaving
µWZ as free floating. Usually only Asimov data are used to derive the expected significance, but in
this case observed data are included in the WZ and low-mj j control regions, since these are used
to determine the normalisation of the WZ contribution.

The inclusion of the low-mj j control region does not affect the expected significance, as the
constrains on the nuisance parameters are not propagated to the combined fit. Nevertheless it is
included in the fit of the control regions as it constrains the non-prompt background, reducing the
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Figure 9.4: Dijet invariant mass for the WZ process compared in the signal region (blue) and in the
WZ control region (red) for all channels combined. Both histograms are normalised to unity. Bands
represent statistical uncertainties [157].

statistical and systematic uncertainties on µWZ .

In order to obtain the observed significance finally, a fit with observed data in all the regions is
performed. No separate fit in the control regions is needed, since this is used only for the purpose
of generating the Asimov data with the correct WZ normalisation.

9.5 Expected Performance

9.5.1 Signal Strength Extraction

Before the combined fit is performed in the three regions, the normalisation of the WZ process to
be used for generating the Asimov dataset is retrieved with a fit in the WZ and low-mj j control
region, as explained in Section 9.4. The theoretical uncertainties on the WZ yields are computed
as discussed in Section 9.3.1. As summarised in Table 9.2 the dominant source is represented by the
perturbative scale variation amounting to + 29%- 20% , followed by the parton shower variation uncertainty
with 25%. The variations related to the PDF set and αs have smaller impact on the event yields,
bringing 2% and 1% variation respectively. Only few nuisance parameters are slightly pulled by the
fit, in particular the ones related to the non-prompt background, and less strongly the ones related
to the WZ scale and parton shower theory uncertainties.

The fit obtains for the normalisation of the WZ process a value of

µWZ = 0.91±0.07(stat) ±0.32(syst). (9.12)

The pre- and post-fit distributions for the two control regions are shown in Figs. C.7 and C.8 of
Appendix C.
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The full combined fit is performed in the signal region and the two control regions on the Asimov
dataset first. The main constraints on nuisance parameters are on the ones related to the systematic
uncertainties on the electron and muon fake-factor measurement, but they are not significant. The
low-mj j control region region plays an important role in constraining these parameters, as shown
by studies performed excluding the region, where no nuisance parameter is constrained by the fit in
this case. The plots showing the pulls of nuisance parameters with and without the inclusion of the
low-mj j control region are shown in Figs. C.9 and Fig. C.10 of Appendix C.
The nuisance parameters are ranked based on their impact on µ̂, by performing four fits for each
of them in addition to the nominal fit yielding to µ̂. The fit is run twice by shifting each nuisance
parameter to its pre-fit uncertainties and again with the post-fit uncertainties, obtaining the respec-
tive values for µ. The differences between µ̂ and the one obtained with the post-fit variation of the
parameter are ranked by decreasing variation, i.e. based on

max(µ
up
postF− µ̂,µ

down
postF− µ̂).

The ranking is presented in Fig. 9.5, where the 20 parameters with the highest impact are shown
and their respective impact on the signal strength is depicted. The nuisance parameter names
and explanations are reported in Tables 9.8 and 9.9. The uncertainties related to the non-prompt
background play a major role, followed by the parton shower uncertainties of the W±W±j j EW
and the scale variation of the W±W±j j QCD sample. In general mainly jet-related, non-prompt
background and some theoretical uncertainties populate the first 20 parameters in the ranking.
The non-prompt lepton nuisance parameters show an asymmetry which is due to the systematic
uncertainty related to the jet pT reweighting, explained in Section 8.1. This uncertainty estimates a
one-direction effect, and hence is not symmetrised in the fit. The parton shower nuisance parameter
for the signal is one-sided, since despite the up and down variations of the single parameters that
are varied, the effect of the envelope goes in one direction only. This is not symmetrised in the fit.
The expected significance is calculated as discussed in Section 9.4 to be 4.4σ, 5.4σ when considering
only the statistical uncertainties.
The expected signal strength and its uncertainties are

µexp = 1.00+0.25−0.23(stat) ±0.09(theo)
+0.12
−0.10(syst). (9.13)

The normalisation of the WZ process is not fixed from the control-region-only fit, and therefore is
obtained from the full combined fit and determined to be

µWZ = 0.91±0.07(stat)+0.39−0.24(syst). (9.14)

9.5.2 Cross Section Measurement

The fiducial cross section is measured on Asimov data with the procedure detailed in Section 9.1.2,
following Eq. (9.6), i.e. multiplying the parameter of interest of the fit µ̂ by the expected theoretical
cross section in the fiducial region. The SHERPA predictions are considered for the moment, with the
theoretical value σfidLO EW, SHERPA given in Eq. (9.10), while µexp from Eq. (9.13) is used to obtain the
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Figure 9.5: Ranking of nuisance parameters included in the fit based on their impact on the signal
strength measured on Asimov data. Only the top 20 parameters are shown and the statistical uncer-
tainties from simulation are not taken into account in the ranking. The empty (filled) brown rectangles
correspond to the pre-(post-)fit impact on µ, referred to by the upper scale. The impact of each nuisance
parameter ∆µ is given comparing the nominal µ̂ with the best fit value of the parameter θ̂ to the fit
result where the nuisance parameter is shifted to its pre-(post-)fit uncertainties ±∆θ (∆θ̂). The black
points show the pulls of the nuisance parameters with respect to the nominal value θ0 with the relative
post-fit error ∆θ̂/∆θ, referred to by the lower scale [158].
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measured expected fiducial cross section. The expected fiducial cross section is

σfidmeas = 2.01 +0.49−0.24(stat) ±0.18(theo)
+0.24
−0.20(syst) fb. (9.15)

As discussed in Section 9.3.3 the theoretical uncertainties include the normalisation theoretical
uncertainties for the signal predictions deriving from the theoretical fiducial cross section from
Eq. (9.10), the shape theoretical uncertainties for the W±W±j j EW sample which are accounted
for in the fit to extract µexp, together with the shape uncertainties for the WZ background and
the normalisation and shape uncertainties for the W±W±j j QCD one. The systematic uncertainties
refer to the experimental uncertainties accounted for in the fit to extract the signal strength.

9.6 Results with Observed Data

9.6.1 Signal Strength Extraction

Once the reliability of the fit is proven on the Asimov dataset, observed data can be investigated.
The number of events in the signal region before performing the fit is reported in Table 9.10 for the
background processes, the predicted signal and the observed data for the six channels separately.
The yields for the signal and background processes as obtained after the fit are compared to data in
Table 9.11. After the fit 122 data events are counted in the signal region, compared to the 69±7
background events.
The pulls on the nuisance parameters after the fit do not exceed the 1-σ variation. The 15 parameters
with the largest pulls are shown in Fig. 9.6, where the names and explanation of the nuisance
parameters refer to those given in Tables 9.8 and 9.9. The plot with all nuisance parameters entering
the fit is shown in Fig. C.11 of Appendix C. The nuisance parameter related to the systematic
uncertainty on the electron fake-factor, together with the ones relative to the jet resolution and jet
flavour composition uncertainties show the largest pulls, followed by the parameter related to the
missing NLO corrections on the signal sample with a less significant pull. The action of the fit is
visible in Fig. 9.7, where the mj j distribution is shown before and after the fit in the low-mj j control
region and in the signal region for the charge- and flavour-combined channel. The action of the
fit affects mainly the non-prompt lepton background, in particular in the channels with electrons.
As can be see in Tables 9.10 and 9.11, the non-prompt lepton background in the signal region is
reduced in the ee channel of about 50%, and in the eµ channel of about 20-30%, while it remains
stable in the µµ channel. The decrease of the non-prompt lepton background affects the low-mj j
region as well, as visible from Fig. 9.7. The nuisance parameter related to the modelling of the V γ
background is slightly pulled up, and the small increase of the relative background is mainly visible
in the 1st and 3rd mj j bin in the signal region. Small pulls are also affecting the nuisance parameters
related to the signal. In particular the down-pulls of the nuisance parameters related to the NLO
EW corrections and interference and the up-pull of the scale variation parameter are reflected in
the decrease in the signal yield in the low-mj j region and the increase in the high-mj j region.
The fit mainly constrains the nuisance parameters related to the systematic uncertainties in the
determination of the electron and muon fake-factor, which were overestimated in the measurement.
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Table 9.10: Summary of the data event yields, and the expected signal and background event yields
in the signal region before the fit. The numbers are shown for the six individual channels and for all
channels combined. The backgrounds from V γ production and electron charge misidentification are
combined in the “e/γ conversions” category. The “Other prompt” category combines ZZ, triboson and
tt̄+W/Z background contributions.

e+e+ e−e− e+µ+ e−µ− µ+µ+ µ−µ− Combined

WZ 1.9±0.6 1.3±0.4 14±4 8.9±2.5 5.5±1.6 3.6±1.1 35±10

Non-prompt 4.0±2.3 2.3±1.7 9±5 6±4 0.55±0.15 0.67±0.25 23±10

e/γ conversions 1.74±0.29 1.8±0.4 6.1±1.6 3.7±0.8 — — 13.4±2.5

Other prompt 0.17±0.05 0.14±0.04 0.90±0.19 0.60±0.14 0.36±0.10 0.19±0.05 2.4±0.5

W±W±j j QCD 0.38±0.13 0.16±0.05 3.0±1.0 1.2±0.4 1.8±0.6 0.76±0.25 7.3±2.4

Expected background 8.2±2.4 5.7±1.8 33±7 21±5 8.2±1.7 5.3±1.1 81±14

W±W±j j EW 3.8±0.6 1.49±0.22 16.5±2.4 6.5±1.0 9.1±1.4 3.5±0.5 41±6

Data 10 4 44 28 25 11 122

Table 9.11: Summary of the data event yields, and the signal and background event yields in the signal
region as obtained after the fit. The numbers are shown for the six individual channels and for all
channels combined. The backgrounds from V γ production and electron charge misidentification are
combined in the “e/γ conversions” category. The “Other prompt” category combines ZZ, triboson and
tt̄+W/Z background contributions.

e+e+ e−e− e+µ+ e−µ− µ+µ+ µ−µ− Combined

WZ 1.48±0.32 1.09±0.27 11.6±1.9 7.9±1.4 5.0±0.7 3.4±0.6 30±4

Non-prompt 2.2±1.1 1.2±0.6 5.9±2.5 4.7±1.6 0.56±0.05 0.68±0.13 15±5

e/γ conversions 1.6±0.4 1.6±0.4 6.3±1.6 4.3±1.1 — — 13.9±2.9

Other prompt 0.16±0.04 0.14±0.04 0.90±0.20 0.63±0.14 0.39±0.09 0.22±0.05 2.4±0.5

W±W±j j QCD 0.35±0.13 0.15±0.05 2.9±1.0 1.2±0.4 1.8±0.6 0.76±0.25 7.2±2.3

Expected background 5.8±1.4 4.1±1.1 28±4 18.8±2.6 7.7±0.9 5.1±0.6 69±7

W±W±j j EW 5.6±1.0 2.2±0.4 24±5 9.4±1.8 13.4±2.5 5.1±1.0 60±11

Data 10 4 44 28 25 11 122

The post-fit yields are shown in Fig. 9.8 for the low-mj j region separately for the six channels,
together with the combined channel for the WZ control region.

The ranking of the top 20 nuisance parameters is performed as detailed in Section 9.5, results are
shown in Fig. 9.9. The main differences between the fit on observed and Asimov dataset, shown in
Fig. 9.5, relate to the nuisance parameters for the theoretical uncertainties on the signal and the
systematic uncertainties on the fake-factor measurement. The former acquire importance compared
to the fit on the Asimov dataset, since the signal strength is now µ� 1, while the uncertainties
related to the the fake-factor have a lower impact due to the decrease of the non-prompt lepton
background after the fit.

The correlations among nuisance parameters are shown in Table 9.12 for absolute values up to
15%. Both the parton shower uncertainty and the scale uncertainty for the WZ are anti-correlated
with the normalisation parameter for the WZ background, as their up(down)-pull induces a large
down(up)-shift on the µWZ floating normalisation.

The WZ normalisation is scaled with µWZ = 0.86±0.07(stat)+0.31−0.23(theo)
+0.18
−0.08(syst), which derives

mainly from the constraints on this background from the dedicated control region.

The signal strength obtained in the mj j fit and the nuisance parameters are propagated in order to
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Figure 9.6: The fifteen nuisance parameters with largest pulls for the combined unconditional fit to
observed data in the signal region and WZ and low-mj j control regions [157].

Table 9.12: Correlation between nuisance parameters calculated for the unconditional fit to observed
data. Only correlations with an absolute value equal or larger than 15% are listed.

Parameter 1 Parameter 2 Correlation in %

WZ_TheoShower µ_WZ −67
WZ_TheoScale µ_WZ −67
FakeElSta FakeElSys −17
JET_Flavor_Composition µ_WZ −16
FakeElSys µ −16
WZ_TheoShower µ +16
signal_EW6_TheoShower µ +15
FakeElSys JET_Flavor_Composition −15
Conv_Model_Vgamma FakeElSys −15
Conv_Model_Vgamma JET_JER_SINGLE_NP −15

obtain the distributions for variables different from the fitted one. The only exception concerns the
parameters for the interference and electroweak corrections for which a constant uncertainty is
assigned. Post-fit distributions are shown in Fig 9.10 for m`` and ∆yj j .

The signal strength resulting from the fit using the SHERPA signal sample is

µobs = 1.44+0.26−0.24(stat)
+0.07
−0.08(theo)

+0.13
−0.11(syst), (9.16)

while the observed significance is 6.5σ for an expected 4.4σ. The scan of the observed likelihood
is shown in Fig. 9.11.

9.6.2 Cross Section Measurement

The fiducial cross section of theW±W±j j EW process can be extracted first with the signal strength
resulting from the fit performed on the SHERPA sample. At a later time, the same result can be
extracted with an alternative sample to confirm that the mismodelling of the signal sample does
not affect the measurement of the physical quantity of interest.
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Figure 9.7: Pre-(a) and post-fit (b) mj j distribution in the low-mj j region, and pre-(c) and post-fit (d) mj j
distribution in the high-mj j region in the flavour- and charge-combined channel. The hatched band rep-
resents the total uncertainty, including the statistical, cross section and systematic uncertainties [157].
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Figure 9.8: Event yields in the WZ and low-mj j control regions as predicted after the combined
fit. The bands represent the sum in quadrature of the statistical and systematic uncertainties of
the background. The “e/γ conversion” category includes the background from V γ processes and
electron charge misidentification. The category “Other prompt” combines ZZ, V V V and tt̄+W/Z
contributions [5].

The cross section is measured with the procedure detailed in Section 9.1.2, following Eq. (9.6), as
done with the expected cross section but using the µobs obtained fitting the observed data. The
resulting cross section in the fiducial region is

σfidmeas,obs = 2.89 +0.51−0.48(stat)
+0.14
−0.16(theo)

+0.24
−0.22(exp syst)

+0.08
−0.06(lumi) fb, (9.17)

and includes the interference between electroweak and strong production. As discussed for the
expected cross section measurement in Section 9.5, the theoretical uncertainties include the
normalisation theoretical uncertainties for the signal predictions deriving from the theoretical
fiducial cross section from Eq. (9.10), the shape theoretical uncertainties for the W±W±j j EW
sample which are accounted for in the fit to extract µexp, together with the shape uncertainties
for the WZ background and the normalisation and shape uncertainties for the W±W±j j QCD one.
The systematic uncertainties refer to the experimental uncertainties accounted for in the fit to
extract the signal strength. The impact of each systematic uncertainty on the measured cross
section is presented in Table 9.13. Without accounting for correlations, the impact of each source
of systematic uncertainty is computed by first performing the fit with the corresponding nuisance
parameter fixed to one standard deviation up or down from the value obtained in the nominal
fit, and then symmetrising these up and down variations. For each component, the impacts of
several sources of systematic uncertainty are added in quadrature. The greatest impact on the
experimental uncertainties side derives from the uncertainties related to the estimation of the
non-prompt lepton background, jet and EmissT reconstruction and from the statistical uncertainty
on the background processes. The theoretical uncertainties on the WZ modelling have a similar
impact, followed by the theoretical uncertainties on the QCD background and the recommended
theoretical uncertainties on the signal process.
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Table 9.13: Impact of different components of systematic uncertainty on the measured fiducial cross
section, without accounting for correlations. For each component, the impacts of several sources of
systematic uncertainty are added in quadrature. The sources of systematic uncertainties are classified
in experimental and theory modelling following the categorisation used for the measured fiducial cross
section.

Source Impact [%]

Experimental

Electrons ±0.6
Muons ±1.3
Jets and EmissT ±3.2
b-tagging ±2.1
Pile-up ±1.6
Background, statistical ±3.2
Background, misid. leptons ±3.3
Background, charge misrec. ±0.3
Background, other ±1.8

Theory modelling

W±W±j j electroweak-strong interference ±1.0
W±W±j j EW, EW corrections ±1.4
W±W±j j EW, shower, scale, PDF & αs ±2.8
W±W±j j QCD ±2.9
WZ ±3.3

Luminosity ±2.4

9.7 Studies with Alternative Signal Sample

In order to verify the independence of the measured cross section from the signal template, studies
are finally performed using the alternative sample produced with POWHEG+PYTHIA8. The differences
between the two predictions have been discussed in Section 9.2.4. Two studies are conducted. One
consists in performing the fitting procedure with an additional systematic uncertainty that account
for the signal mismodelling, whilst the other uses the alternative POWHEG sample for the signal,
without additional systematic uncertainties. These tests have been performed with a version of
the fitting framework slightly different from the one used to obtain the nominal results shown in
Eqs.(9.16) and (9.17). For this reason, the values for the signal strength and cross section obtained
with the previous version are reported, in order to allow for a consistent comparison with the results
obtained from the studies.
The signal strength obtained with the previous version of the fitting framework is

µobs,Sherpa = 1.45+0.26−0.24(stat)
+0.13
−0.14(syst), (9.18)

while the cross section is measured to be

σfidmeas,Sherpa = 2.91+0.51−0.47(stat) ±0.27(syst) fb, (9.19)

142



9. Cross-section measurement Studies with Alternative Signal Sample

for an observed significance of 6.9σ, when 4.6σ was expected.

Nominal fit with additional systematic uncertainty The shape difference between the SHERPA and
POWHEG sample is assigned as an additional systematic uncertainty on the SHERPA signal. To do so
the mj j POWHEG distribution is scaled by

σfidtheo,Sherpa

σfidtheo,Powheg
≈ 0.65

and the one-sided shape variation is symmetrised by the fit and accounted for with a nuisance
parameter of theW±W±j j EW SHERPA signal in the signal region. The variation is shown in Fig. 9.12
in the signal region for the six channels combined, since no substantial difference is expected
among different channels.

A significance of 7.0σ is obtained, where 4.6σ was expected. The signal strength is measured to be

µobs,shape syst = 1.44+0.26−0.24(stat)±0.14(syst).

The value of the signal strength in this case agrees with the one of Eq. (9.18), with a slight increase
in the systematic uncertainties, going from +0.13−0.14 to ±0.14, since here an additional contribution is
involved.

The fiducial cross section measured is

σfidmeas,shape syst = 2.89+0.51−0.48(stat)
+0.29
−0.27(syst) fb,

where differences with respect to the result of Eq. (9.19) lay within 1% of the cross section value.

The pulls on the nuisance parameters does not present major differences with respect to the
nominal ones, both shown in Appendix C in Figs. C.12 and C.11 respectively. The additional nuisance
parameter relative to the POWHEG-SHERPA difference is pulled down of about 1-σ variation, which
corresponds to the variation towards the POWHEG shape. The parameter is slightly constrained by the
fit. The fact that the other nuisance parameters are not affected by the change in the signal shape,
and that the new one absorbs the effect is an important additional confirmation of the stability of
the result.

Full fit with alternative signal sample A further test of the fit independence from the signal sample
is given by performing the full fit with the alternative POWHEG W±W±j j EW signal sample, and its
related theoretical uncertainties. For theW±W±j j QCD process as well as for the other backgrounds
the nominal predictions hold.

The full fit is performed with the alternative signal, and the observed significance results in 7.0σ
compared to a 6.9σ expected. The higher expected significance with respect to the nominal SHERPA
sample, and consequent better agreement between the expected and observed values, is related to
the higher expected cross section of the POWHEG sample. The signal strength obtained from the fit
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Figure 9.12: One-sided variation on the SHERPA signal due to the additional systematic given by the
shape difference between SHERPA and POWHEG sample in the six lepton channels combined.

is
µobs,Powheg = 0.94 +0.17−0.16(stat)

+0.08
−0.07(syst),

which in this case as expected is in better agreement with µ = 1, with respect to the nominal one of
Eq (9.18).
The theoretical expected fiducial cross section for the POWHEG signal sample reported in Table 9.1 is

σfidtheo,Powheg = 3.08+0.45−0.46 fb,

and is used to extract the cross section

σfidmeas,Powheg = 2.89 +0.52−0.49(stat)
+0.25
−0.22(syst) fb.

Also in this case, differences between this result and the nominal one of Eq. (9.19) lay within 1%.
The results for the W±W±j j EW cross sections measured with the SHERPA 2.2.2 signal sample, with
an additional systematic uncertainty accounting for the shape differences between the SHERPA and
POWHEG sample and with the POWHEG signal sample are

σfidmeas,Sherpa = 2.91+0.51−0.47(stat) ±0.27(syst) fb

σfidmeas,shape syst = 2.89 +0.51−0.48(stat)
+0.29
−0.27(syst) fb

σfidmeas,Powheg = 2.89 +0.52−0.49(stat)
+0.25
−0.22(syst) fb.

The three values are found to be in agreement, demonstrating the negligible impact of the signal
template on the physical quantity measured.
The POWHEG prediction is overlaid to the post-fit mj j distribution, after being normalised to the
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post-fit SHERPA signal, in Fig. 9.13. It is visible how the POWHEG shape is very close to the one
obtained for SHERPA from the fit.

Finally a comparison between the measured cross section and the two different theoretical predic-
tions is shown in Fig. 9.14.
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Figure 9.14: Measured fiducial cross section compared to the theoretical values calculated on the
nominal SHERPA 2.2.2 sample and POWHEG+PYTHIA8. The light orange band represents the statistical
and experimental uncertainties combined, while the checked orange band indicates the statistical-only
uncertainty. The total theoretical uncertainties are depicted by a light blue band, and include the PDF
and parton shower uncertainty, in addition to the scale dependence uncertainties which are shown also
separately as a dashed blue band. Neither the interference of W±W±j j EW and strong production, nor
the NLO electroweak corrections are included in the theoretical predictions [5].
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9.8 Outlook: Interpretation of Results

The result obtained is the first ATLAS observation and measurement of the electroweak W±W±j j
process. This is also the first time that a process which involves a diagram with quartic gauge
coupling is accessed with the ATLAS detector. As stated in Section 2.4.1, measurements of VBS and
of W boson scattering in particular, are a favourable way for the investigation of the electroweak
sector of the SM and of the role of the Higgs boson.

While the existence of trilinear gauge couplings has been proven at the LEP experiment [159], no
test of the existence of the quartic coupling has been performed up to now. A possible approach is
carried on in this analysis, by investigating scenarios different from the SM predictions. Already in
Ref. [160] the cross section of the W+W− scattering is calculated for a set of Feynman diagrams
removing the quartic-coupling contribution. A similar strategy is utilised, by generating different
sets of events with calculations based on the complete set of diagrams predicted by the SM, or
removing contributions from the quartic WWWW coupling or the ones involving the Higgs boson
couplings. However, it is not possible to arbitrary subtract the contributions from those diagrams
without violating the gauge invariance. Two gauge choices are tested for both scenarios where
Feynman diagrams are removed, namely the unitary gauge and the Feynman gauge. The cross
sections in the two cases agree within the statistical uncertainties, being

σ
unitary
noHiggs = 0.0358±0.0001pb σ

Feynman
noHiggs = 0.0359±0.0001pb

σ
unitary
noQGC = 242.0±1.5pb σ

Feynman
noQGC = 239.2±1.3pb.

This is certainly not to be intended as a prove of gauge invariance, since no conclusion can be
inferred about the general behaviour with other gauge choices. The two scenarios are chosen as
a qualitative test, in order to produce an educational plot showing the expectations in these two
specific cases. This is presented in Fig 9.15a, where the distributions of the dilepton invariant mass
is shown for the alternative predictions of the W±W±j j electroweak process. These have been
generated with MADRAPH+PYTHIA8 and propagated to reconstruction-level with a response matrix
obtained with POWHEG-BOX+PYTHIA 8. The SM prediction and the no-Higgs boson scenario ones are
compatible within the statistical uncertainties, while the two scenarios without the quartic gauge
coupling show a clear difference in the trend, which are however in agreement with each other.

The SM predictions are shown as well in Fig. 9.15b. Data are also shown, after the subtraction of
the background contribution obtained after the fit. The distribution obtained with MADRAPH+PYTHIA8
is scaled to the W±W±j j EW signal predictions obtained after the fit.

This qualitative study shows how the SM scenario is compatible with data in each bin within the
respective uncertainties.

A robust, gauge-invariant way to interpret the results is the effective field theories approach, whose
formalism is introduced in Section 2.4.2. In order to obtain the information on the Wilson coeffi-
cients of Eq. (2.27), larger amount of data is needed. This would allow for producing differential
distributions, and fits can be performed to extract the parameters related to the operators. The
dataset used to perform the analysis is a subset of the one recorded during the full Run2. An addi-

146



9. Cross-section measurement Outlook: Interpretation of Results

 [GeV]llm

0 100 200 300 400 500 600 700 800 900 1000

E
ve

nt
s 

/ 2
5 

G
eV

1

10

210

310

410

ATLAS
-1 = 13 TeV, 36.1 fbs

jj EW±W±W
 

jj EW in the SM±W± W

Gauge dependent non-SM calculations
 no HWW vertex
 no WWWW vertex
Unitary gauge 

 no WWWW vertex
Feynman gauge 

(a)

 [GeV]llm

0 100 200 300 400 500 600 700 800 900 1000

E
ve

nt
s 

/ 2
5 

G
eV

1

10

210

310

410

ATLAS
-1 = 13 TeV, 36.1 fbs

jj EW±W±W
 Data - Background

jj EW in the SM±W± W
 Data - Background

jj EW in the SM±W± W

(b)

Figure 9.15: Distributions of the dilepton invariant mass for alternative predictions of the W±W±j j
electroweak process (a) and for the background subtracted data after the fit (b). The prediction in
the SM (blue) are compared with calculations in the absence of the quartic WWWW vertex (green)
and in the absence of the Higgs boson (red). The latter two calculations are gauge dependent and
shown in unitary gauge at leading-order QCD. The SM and non-SM predictions are simulated with
MADRAPH+PYTHIA8. The uncertainties in the background subtracted data are the quadratic sum of the
statistical uncertainties in the data, and the statistical and systematic uncertainties of the backgrounds
after the fit. The uncertainties in the SM prediction include experimental and theoretical systematic
uncertainties before the fit.

tional ∼ 100 fb-1 is to be included considering the full 2015-2018 run. Furthermore, approximately
300 fb-1 are expected for the Run3 data taking at

√
s = 14 TeV, which would allow to increase the

statistical precision and do a big step towards model-independent gauge-invariant interpretations
of the measurements on gauge boson couplings.

147





10 Summary

A measurement of the electroweak production of two same-charge W bosons decaying leptonically
in association with two jets in a fiducial phase space has been performed in the course of this thesis.
The analysis is conducted using a dataset corresponding to an integrated luminosity of 36.1 fb-1

recorded by the ATLAS detector at the Large Hadron Collider (LHC) in proton-proton collisions at
√
s = 13 TeV, and has been published in Ref. [5]. It represents the first observation at ATLAS of a

process involving significant contributions from Vector Boson Scattering (VBS) diagrams, and in
particular from diagrams involving quartic couplings of gauge bosons, predicted by the Standard
Model (SM).

The signal is defined as the O(α6EW) electroweak production of W±W±j j . The contribution with
O(α2s ,α

4
EW), namely strong production, is considered as background, while the interference between

the two modes is included in the signal measurement, but not in the signal simulation, and is
addressed as theoretical uncertainty on the signal sample. The main sources of background events
are primarily WZ production, processes involving non-prompt leptons and events with oppositely
charged leptons that are reconstructed with the same charge due to misidentification of the charge
of one electron. The latter is one of the dominant backgrounds, and is estimated in the course of this
thesis with a methodology based on reweighting opposite-charge data. The reweighting procedure
is based on the measurement of charge misidentification probabilities, which is performed using
Z→ ee events, with 33.9 fb-1 of data from

√
s = 13 TeV proton-proton collisions. The probabilities

range from less than 1% to a few percent, reaching ∼10% for increasing pseudorapidity values up
to |η| = 2.5, and transverse momentum larger than 120 GeV. Scale factors are obtained that correct
the modelling of this effect in simulation. The corrections are sizeable for wrongly reconstructed
electrons, and deviate from unity by up to 30%, with relative systematic uncertainties that range
from 2% to 20%. The correction factors have been provided to the ATLAS Collaboration to be used
in physics analyses sensitive to charge misidentification, and the work has been published in Ref. [6].
Electrons reconstructed with wrong charge have a lower reconstructed momentum in general,
since the charge misidentification is mainly due to the interaction with the detector material that
causes the electron to lose energy. This effect is accounted for in the estimation of the background
from charge misidentification, and electrons from reweighted opposite-charge events are corrected
with η-dependent correction factors to compensate the energy loss. The background from charge
misidentification is estimated with a relative systematic uncertainty of 15%.

The kinematic criteria that define the signal region are optimised in order to enhance the expected
significance of the measurement. The final signal extraction is performed with the profile likelihood
method using the dijet invariant mass distributions. The cross section of the electroweak W±W±j j
process is measured in a fiducial volume, defined at generation-level by kinematic selections on
the final state objects which are similar to the ones imposed at reconstruction-level in the signal
region. The W±W±j j electroweak process is observed with a significance of 6.5σ, and its fiducial
cross section is measured to be

σfidmeas,obs = 2.89+0.51−0.48(stat)
+0.29
−0.28(syst) fb,
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10. Summary

where the total uncertainty is dominated by statistical uncertainties. The largest systematic uncer-
tainties are theory uncertainties on the WZ background as well as experimental uncertainties on
the non-prompt lepton background estimation and on the jet and missing transverse momentum
reconstruction.
Two different generators are considered for the signal, SHERPA 2.2.2 and POWHEG+PYTHIA 8.230. They
present different predictions partially caused by an incorrect modelling of the parton shower in
SHERPA 2.2.2, which has been identified during the course of the analysis. The measurement of the
cross section is nevertheless largely independent from the simulated signal sample, and studies are
presented in this thesis that prove that the mismodelling of the signal does not impact the result.
In fact, the signal theoretical predictions affect only the expected significance and signal strength.
Analyses of VBS processes lay the foundations for an era of measurements that become feasible
thanks to the higher centre-of-mass energies and integrated luminosities provided by the LHC, and
can probe the inner structure of the SM electroweak sector and its spontaneous symmetry breaking.
An interpretation of the results is given, that shows how data favours the SM in particular with
respect to non-gauge-invariant scenarios without quartic couplings of the W boson. The impact
of the Higgs contribution to the VBS amplitude can not be quantified with the current data and
sensitivity.
In the near future even more favourable experimental conditions will allow to measure these
rare processes with higher precision. Larger datasets are foreseen with the inclusion of 100 fb-1

from the full LHC Run2, and the expected ∼ 300 fb-1 of data from
√
s = 14 TeV collisions in

Run3. One of the most interesting extensions of this measurement is related to the polarisation
of the scattering W bosons, since the restoration of the delayed unitarity by the Higgs boson is
linked to their longitudinal component. Furthermore, the increased statistical power will permit to
quantitatively assess the information on the gauge bosons self-couplings and parametrise it in terms
of Effective Field Theories. This will allow to interpret possible deviations in a model-independent
way, potentially providing hints on a theoretical extension of the Standard Model.
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Contributions

Most of the material presented in this thesis is based on work performed within the ATLAS Collabo-
ration. Thus, it is typically created from the contributions of many people and cannot be attributed
to a single person. The figures and plots containing an ATLAS or ATLAS Preliminary label were
created in the context of ATLAS papers or conference notes. The contributions from the author of
this thesis are indicated in this section. All plots without dedicated ATLAS or ATLAS Preliminary
labels or not referenced are private work done by the author of this thesis.

• Electron charge misidentification:

– classification in simulation, Section 6.2;

– measurement of misidentification probabilities and scale factors, Section 6.4.

• Analysis of W±W±j j process:

– optimisation of kinematic selection, Section 7.4;

– estimation of the charge misidentification background for nominal selection and for
subtraction in non-prompt lepton background estimation, Section 8.4;

– studies for fit and measurement with alternative signal sample, Section 9.7.

The work on electron charge misidentification has been published, Ref. [6]: Electron reconstruction
and identification in the ATLAS experiment using the 2015 and 2016 LHC proton–proton collision data
at
√
s = 13 TeV.

The analysis of the W±W±j j process has been submitted for publication1, Ref. [5]: Observation of
electroweak production of a same-sign W boson pair in association with two jets in pp collisions at
√
s = 13 TeV with the ATLAS detector.

Work has been done in the contest of the publication The HiggsTools handbook: A beginners guide
to decoding the Higgs sector [38], related to the overview of concepts, use and limitations of the
κ-framework. This is not treated in the scope of the thesis, but referenced in Section 2.4.2.

1Meanwhile published on October 25, 2019.
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Appendix

A Charge Misidentification Truth Studies

The need of measuring the charge misidentification probabilities carries the broader issue of a
correct truth-level definition of electrons to be used to assess the charge reconstruction. In particular,
the problem rises in case of bremsstrahlung emission of a photon that converts into an electron–
positron pair.
In such cases, the first aim is being able to reach the parent electron of the bremsstrahlung photon,
instead of the product of the conversion, usually matched as true counterpart of the reconstructed
electron. The second point concerns the cases of multiple bremsstrahlung and conversion processes,
where a way to recover the generated electron is needed, by tracking back the chain and retrieving
the first electron not coming from the detector simulation step, but from the generation.
The studies performed aimed at finding an unambiguous way of defining such electron, and provide
a baseline definition to be used for charge misidentification measurements.
The Z → ee sample used was generated with Powheg [122], whith the parton shower process
performed by PYTHIA8 [99] and the particle decays by EVTGEN [61].
The studies rely on the MCTruthClassifier tool [130], the ATLAS Athena [65] algorithm that
classifies the particles in simulation, i.e. the truth particles, according to where they originated
from. It provides attributes to each particle, in particular the particle’s origin TruthOrigin, type
TruthTypeand final state. The composition of the Z→ ee sample in terms of TruthOrigin and
TruthType is shown in Fig. A.1, and the values of interest for the two variables are summarised in
Table. A.1.

Table A.1: TruthType and TruthOrigin classification for electrons in a Z → ee sample as from
Fig. A.1 [130].

TruthType Classification
0 unknown
1 unknown electron
2 isolated electron
3 non-isolated electron
4 background electron

TruthOrigin Classification
0 undefined
5 photon conversion
6 Dalitz decay
7 electromagnetic process
8 muon
13 Z boson
23 light meson
25 charmed meson
26 bottom meson
27 cc̄ meson
29 bb̄ meson
33 bottom baryon

The main contribution comes from electrons of TruthType isolated 2 with TruthOrigin from
decays of a Z boson. The second greatest contribution comes from electrons of TruthType
background. This class refers to electrons from photon conversions, Dalitz or meson decays, and in

2The term isolated in this contest indicates “signal-like” electrons, and is not to be confused with the lepton isolation of
Chapter 5
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Figure A.1: TruthType and TruthOrigin of electrons in a Z→ ee sample. The biggest contribution
comes from electrons from Z boson as expected, i.e. TruthType = 2 and TruthOrigin = 13. The
second largest contribution refers to background electrons from photon conversion, i.e. TruthType = 4
and TruthOrigin = 5. Details on the reference values for the two variables are given in Table A.1.

this particular case their TruthOrigin is photon conversion. From Fig. A.1 it is visible how the
requirement on the TruthType = 2 is sufficient to define the electrons from the boson decay, and
the TruthOrigin = 5 to define the electrons from conversion. Hence, the expression

TruthType == 2 || TruthOrigin == 5 (A.1)

covers the need of excluding all the background electrons which are not from conversion.
However, to address the issue of the multiple bremsstrahlung production and conversion chain a
new variable is introduced, the FirstEgMother. This univocally identifies the electron at the
origin of the conversion chain, being able to reach the first non-GEANT particle, as depicted in
Fig. A.2.
The corresponding classification of the MCTruthClassifier is performed on this particle, and a
selection based on its TruthType and TruthOrigin, as well as its PDG identification number
(PDG ID) [12] ensures that the particle comes from a boson decay. The FirstEgMother is found
by looping back through the decay chain of each truth particle, starting at its production vertex 3

and going back to parent vertices till the first non-electron or non-photon one, or till the first
generator-vertex, i.e. not coming from the GEANT simulation. The daughter particle of this vertex,
the FirstEgMother, is the electron or photon which holds the information of the original.
The definition of prompt electron used for charge misidentification studies of Eq.(A.1) becomes

TruthType == 2 || (TruthOrigin == 5 && |FirstEgMotherPdgID| == 11).

(A.2)
where the second part of the definition ensures the existence of an original electron from simulation
at the origin of the conversion chain if the electron is classified as background. An electron that
satisfies the criteria from Eq.(A.2) is what is defined in the main body as prompt, in the broader

3In this contest this is not intended as the reconstructed vertex as in Chapter 5, but as the splitting point where a
particle is created in simulation.
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Figure A.2: Scheme of the chain to trace the original true electron that underwent charge misidentifica-
tion. The decay chain is looped back from the production vertex of the truth-matched electron from
detector simulation GEANT, to the first generator-level vertex. The daughter particle of this vertex is
identified as the new FirstEgMother variable, and holds the information on the true original charge
to be used for charge misidentification studies.

meaning of an electron originated in the generator for which it is meaningful to measure the charge
misidentification probability.
A prescription for the definition of a wrong charge-electron can now be outlined on electrons that
match the baseline prompt requirement of Eq.(A.2). That is

recoCharge x firstEgMotherPdgID > 0, (A.3)

being the electron PDG ID +11 and the positron one −11.
These results have been introduced in the ATLAS framework and used for the studies and mea-
surements of charge misidentification in simulation starting from the first ATLAS Run2 analyses,
including the one presented in this thesis.
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B Multi-Dimensional Grid Scan

The distributions of the variables affected by the optimisation process in the multi-dimensional
grid scan are shown in Fig. B.3 and B.4 for the µµ and the eµ+µe channels. The kinematic region
used for the optimisation is described in the main body in Table 7.4.
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Figure B.3: Distributions of transverse momentum of the leading (a) and sub-leading (b) jet, sub-leading
lepton (c), missing transverse energy (d), rapidity separation between the two tagging jets (e) and dijet
invariant mass (f) in the optimisation region for the µµ channel. Only statistical uncertainties are shown.
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Figure B.4: Distributions of transverse momentum of the leading (a) and sub-leading (b) jet, sub-leading
lepton (c), missing transverse energy (d), rapidity separation between the two tagging jets (e) and dijet
invariant mass (f) in the optimisation region for the eµ+µe channel. Only statistical uncertainties are
shown.
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C Additional Plots

Charge Misidentification Scale Factors
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Figure C.5: Charge misidentification scale factors for correctly reconstructed electrons. Electrons
selected with the Tight and FixedCutTight identification and isolation operating point. Only statistical
uncertainties are shown.
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Figure C.6: Charge misidentification scale factors for correctly reconstructed electrons. Electrons are
selected with the Tight and isoGradient identification and isolation operating point, and are dedicated
to the kinematic selection used in the W±W±j j analysis, detailed in Table. 7.2 of Ch. 7. Absolute
systematic uncertainties are shown.

173



Additional Plots Appendix

Control Region Fit

(a) (b)

(c) (d)

Figure C.7: Pre-(a,c) and post-(b,d) fit distributions for the WZ (top) and low-mj j (bottom) for the
combined `±`± channel. In the ratio plots the orange band represents the systematic uncertainties
while the statistical uncertainties are depicted in blue.
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Control Region Fit
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Expected Performance of the Full Fit
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Appendix Additional Plots

Expected Performance of the Full Fit
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Additional Plots Appendix

Fit with Observed Data

θ

CF_NoCorr
CF_SFunc

Conv_Model_Vgamma
EG_RESOLUTION_ALL
EG_SCALE_ALLCORR

EG_SCALE_E4SCINTILLATOR
EG_SCALE_LARCALIB_EXTRA2015PRE

_SCALE_LARTEMPERATURE_EXTRA2015PRE
_SCALE_LARTEMPERATURE_EXTRA2016PRE

EL_EFF_ID_CorrUncertaintyNP0
EL_EFF_ID_CorrUncertaintyNP1

EL_EFF_ID_CorrUncertaintyNP10
EL_EFF_ID_CorrUncertaintyNP11
EL_EFF_ID_CorrUncertaintyNP12
EL_EFF_ID_CorrUncertaintyNP13
EL_EFF_ID_CorrUncertaintyNP14

EL_EFF_ID_CorrUncertaintyNP2
EL_EFF_ID_CorrUncertaintyNP3
EL_EFF_ID_CorrUncertaintyNP4
EL_EFF_ID_CorrUncertaintyNP5
EL_EFF_ID_CorrUncertaintyNP6
EL_EFF_ID_CorrUncertaintyNP7
EL_EFF_ID_CorrUncertaintyNP8
EL_EFF_ID_CorrUncertaintyNP9

EL_EFF_ID_SIMPLIFIED_UncorrUncertaintyNP0
EL_EFF_ID_SIMPLIFIED_UncorrUncertaintyNP1
L_EFF_ID_SIMPLIFIED_UncorrUncertaintyNP10

EL_EFF_ID_SIMPLIFIED_UncorrUncertaintyNP11
L_EFF_ID_SIMPLIFIED_UncorrUncertaintyNP12
L_EFF_ID_SIMPLIFIED_UncorrUncertaintyNP13
L_EFF_ID_SIMPLIFIED_UncorrUncertaintyNP14
L_EFF_ID_SIMPLIFIED_UncorrUncertaintyNP15
EL_EFF_ID_SIMPLIFIED_UncorrUncertaintyNP2
EL_EFF_ID_SIMPLIFIED_UncorrUncertaintyNP3
EL_EFF_ID_SIMPLIFIED_UncorrUncertaintyNP4
EL_EFF_ID_SIMPLIFIED_UncorrUncertaintyNP5
EL_EFF_ID_SIMPLIFIED_UncorrUncertaintyNP6
EL_EFF_ID_SIMPLIFIED_UncorrUncertaintyNP7
EL_EFF_ID_SIMPLIFIED_UncorrUncertaintyNP8
EL_EFF_ID_SIMPLIFIED_UncorrUncertaintyNP9
EL_EFF_Iso_TOTAL_1NPCOR_PLUS_UNCOR

L_EFF_Reco_TOTAL_1NPCOR_PLUS_UNCOR
_EFF_Trigger_TOTAL_1NPCOR_PLUS_UNCOR

FT_EFF_Eigen_B_0
FT_EFF_Eigen_B_1
FT_EFF_Eigen_B_2
FT_EFF_Eigen_C_0
FT_EFF_Eigen_C_1
FT_EFF_Eigen_C_2

FT_EFF_Eigen_Light_0
FT_EFF_Eigen_Light_1
FT_EFF_Eigen_Light_2
FT_EFF_Eigen_Light_3
FT_EFF_Eigen_Light_4

FT_EFF_extrapolation
FT_EFF_extrapolation_from_charm

FakeElSta
FakeElSys

FakeMuSta
FakeMuSys

JET_BJES_Response
JET_EffectiveNP_1
JET_EffectiveNP_2
JET_EffectiveNP_3
JET_EffectiveNP_4
JET_EffectiveNP_5
JET_EffectiveNP_6
JET_EffectiveNP_7

JET_EffectiveNP_8restTerm
JET_EtaIntercalibration_Modelling

JET_EtaIntercalibration_NonClosure
JET_EtaIntercalibration_TotalStat

JET_Flavor_Composition
JET_Flavor_Response
JET_JER_SINGLE_NP

JET_JvtEfficiency
JET_Pileup_OffsetMu

JET_Pileup_OffsetNPV
JET_Pileup_PtTerm

JET_Pileup_RhoTopology
JET_PunchThrough_MC15

JET_RelativeNonClosure_MC15
JET_SingleParticle_HighPt

MET_SoftTrk_ResoPara
MET_SoftTrk_ResoPerp

MET_SoftTrk_Scale
MUON_EFF_STAT

MUON_EFF_STAT_LOWPT
MUON_EFF_SYS

MUON_EFF_SYS_LOWPT
MUON_EFF_TrigStatUncertainty
MUON_EFF_TrigSystUncertainty

MUON_ID
MUON_ISO_STAT

MUON_ISO_SYS
MUON_MS

MUON_SCALE
MUON_TTVA_STAT

MUON_TTVA_SYS
PRW_DATASF

TheoInterference
WZ_TheoAlphas

WZ_TheoPDF
WZ_TheoScale

WZ_TheoShower
Wgamma_XS

ZZ_XS
Zgamma_XS

signal_EW4_TheoAlphas
signal_EW4_TheoPDF

signal_EW4_TheoScale
signal_EW4_TheoShower
signal_EW6_TheoAlphas

signal_EW6_TheoEWCorr
signal_EW6_TheoPDF

signal_EW6_TheoScale
signal_EW6_TheoShower

top_XS
triboson_XS

θ∆ ) / 0θ - fit θ(

5
−

4
−

3
−

2
−

1
−012345

-1
L

 d
t=

3
6

.1
 f
b

∫
=

1
3

 T
e

V
, 

s

F
it 

S
ta

tu
s
 O

K
:

1
E

D
M

:
0

.0
0

0
0

4
U

n
c
o

n
d

iti
o

n
a

l F
it,

 O
b

s
e

rv
e

d

Fi
gu
re
C.
11
:N
ui
sa
nc
e
pa
ra
m
et
er
s
pu
lls
fo
rt
he
co
m
bi
ne
d
un
co
nd
iti
on
al
fit
to
ob
se
rv
ed
da
ta
in
th
e
si
gn
al

re
gi
on
an
d
W
Z
an
d
lo
w
-m

jj
co
nt
ro
lr
eg
io
ns
.T
he
er
ro
ro
n
ea
ch
nu
is
an
ce
pa
ra
m
et
er
ob
ta
in
ed
af
te
rt
he

fit
is
re
po
rt
ed
in
un
it
of
th
e
pr
e-
fit
un
ce
rt
ai
nt
y.

178



Appendix Additional Plots

Studies with Alternative Signal Sample
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Appendix Modelling of Robots Kinematic at Maplesoft

D Modelling of Robots Kinematic at Maplesoft

Maplesoft™ [161] is a software company born and based in Waterloo, Ontario, Canada. It provides
high-performance software tools for engineering, science, and mathematics. It is best known as
the manufacturer of the MAPLE computer algebra system and MAPLESIM physical modelling and
simulation software. MAPLE has over 5000 functions covering virtually every area of mathematics,
including calculus, algebra, differential equations, statistics, linear algebra, geometry with high-
performance numeric computations. It includes code generation features and a full featured
programming language to create scripts, programs, and full applications. MAPLESIM provides
insight into systems behaviour and produces high-fidelity simulations. It includes over 700 built-in
components from many different domains. The components are equation-based and visualisation
capabilities include 2-D simulations and 3-D animations.
This appendix is dedicated to the description of the project conducted at Maplesoft during the
Internship program under the HiggsTools grant4. The main aim of the project is to implement a
generalised workflow to get the direct kinematics for a user-defined robotic model. Some basic
definitions related to robotics nomenclature are outlined in Sec. D, the preliminary step of the
project is presented in Sec. D while the main result is summarised in Sec. D. This appendix aims
at giving an overview of the project, therefore a detailed treatment of the bases of robotics is not
given. A comprehensive description and precise definitions are provided in Ref. [163].

Basic Definitions and Technicalities

A robot can be idealized as a rigid body where rigid parts, links, are connected by joints which allow
for the motion and can induce different kind of movements (rotary, linear, etc.) depending on their
type. The final component, end effector, is designed to make a specific task, and is the one to be
controlled. A complete specification of the location of every point on the robot is its configuration,
and since the links are rigid, the joints variables are enough to define its configuration. A robot is
said to have n degrees of freedom (dof) when the configuration can be minimally specified by n
parameters.
The kinematics problem for a robot consists in describing the motion of the end effect without
considering forces and torques causing the motion, so it is reduced to a geometric problem. This
description is usually divided into forward and inverse kinematics. The former deals with the issue of
determining the position and orientation of the end effector given the values of the joint variables
of the robot. The latter is computed to determine the values of the joint variables given the end
effector’s position and orientation.
The motion of a robot’s end-effector is regulated by equations which are coordinate transformations
between the ground reference frame and the frame of the end-effector. These can be rotations,
translations or their combinations. In particular in Maplesoft’s softwares, equations are obtained
in MAPLE, and a worksheet is linked to the MAPLESIM program in order to simulate the model. The
MAPLESIM program is fed with equations and the components for the model are generated out of it.

4Grant agreement PITN-GA-2012-316704 (“HiggsTools”) from the Research Executive Agency (REA) of the European
Union, in the contecxt of the Initial Training Network program supported by the 7th Framework Programme [162].
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(a) (b)

Figure D.13: Stewart Platform for the flat 3-dof case (a) and non-level 6-dof case (b) shown in the
MAPLESIM environment and generated with MAPLESIM via equations of motion derived with the MAPLE
software.

This allows to have a programmatic access to the model, since these components are objects able
to manipulate the model itself, as they generate the equations to obtain generalised coordinates
and speeds, positions and constraints.

Preliminary Example: the Stewart Platform

In order to get familiar with the robotics environment and work methodology, the robotic model
of the Stewart Platform [164] was chosen. This is a 6-dof model composed by a plate that can be
moved by six joints acting with linear and rotational movements.

The Stewart Platform model was implemented originally for the 3-dof case. This means that the
complete model allows for three linear movements, defined by (x, y , z), and three rotatory ones,
defined by (η, ξ, ζ), which are instead set to 0 for the 3-dof case. This is shown in Fig. D.13a.
The model is extended to the 6-dof case, i.e from a flat-platform model to a non-level one. The
generalised coordinates defined for this model are

s, α, β (×6) + (x, y , z, η, ξ, ζ)

that can be reduced by 18 algebraic constraints.

The forward and inverse kinematic is implemented for the complete model as

(s, α, β)→ (x, y , z, η, ξ, ζ)

(x, y , z, η, ξ, ζ)→ (s, α, β)

The equations are solved and the components for forward and inverse kinematic generated in
MAPLESIM, were they can be tested in the virtual model (Fig. D.13b).

The 3-dof case presents simplifications due to the symmetry of its geometry and motion. These
simplifications are not possible in a non-level platform, which is hence not the best candidate to
use as a starting point for the implementation of a general workflow. A simpler model is chosen for
this purpose, the Kuka robot.
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Figure D.14: Kuka Robot model as shown in the MAPLESIM environment.

Figure D.15: A system with some sparsity and its incidence matrix.

Solving Big System of Equations

The model chosen to study the actual generalisation for the forward kinematics is the Kuka
Robot [165], shown in Fig. D.14, which with its three links presents a simpler geometric struc-
ture that allows for an easier description.

The complexity that derives from the generalisation of even a simple model, requires the imple-
mentation of specific mathematical tools. In particular the most general system of equations that is
needed to completely describe its motion can become very large and overdetermined when trying to
explicitly express all the dependent variables in terms of the independent one. This moves the issue
from the strictly robotic-related to a most general one, i.e. implementing in MAPLE a generalised
workflow to solve big systems of equations.

The basic idea is to find the correct permutation of equations, so that the order used allows to
always get to the solutions when existent, using the fewest number of steps. Given a system with
some sparsity, a flow is implemented aiming at finding the correct order of equations and variables,
which transforms the sparse system in a triangularised one. To achieve this Graph Theory has been
used, so that given a system and its incidence matrix (Fig. D.15), finding the right permutations so
that it has non-zero diagonal means finding the perfect matching of a bipartite graph (Fig. D.16).

Applying the permutations given by the rows-columns matching allows to transform the matrix
into a block-diagonal one and the blocks to be solved are obtained (Fig. D.17).
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(a)

(b)

Figure D.16: Bipartite graph corresponding to the system in Fig. D.15 (a) and the matching obtained as
a result to get the row-column pair combination to be used to solve the system (b).

The procedure has been incorporated in the workflow to get the forward kinematics component
for a user defined model. This is shown in Figure D.18, where the flow given by the introduced
functions is described, and the user’s inputs highlighted, which indicates the level of generalisation
and customisation achieved in the project.
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Figure D.17: The final system and matrix in the block-triangular form and the output blocks.

Figure D.18: Global flow created with and implemented in MAPLE for getting a component for forward
kinematics and solving big systems of equations.
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