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Abstract

The scattering of electroweak gauge bosons is closely connected to the electroweak gauge symmetry
and its spontaneous breaking through the Brout-Englert-Higgs mechanism. Since it contains triple
and quartic gauge boson vertices, the measurement of this scattering process allows to probe the self-
interactions of weak bosons. The contribution of the Higgs boson to the weak boson scattering ampli-
tude ensures unitarity of the scattering matrix. Therefore, the scattering of massive electroweak gauge
bosons is sensitive to deviations from the Standard Model prescription of the electroweak interaction
and of the properties of the Higgs boson.

At the Large Hadron Collider (lhc), the scattering of massive electroweak gauge bosons is accessible
through the measurement of purely electroweak production of two jets and two gauge bosons. No such
process has been observed before. Being the channel with the least amount of background from QCD-
mediated production of the same �nal state, the most promising channel for the �rst measurement
of a process containing massive electroweak gauge boson scattering is the one with two like-charge
W bosons and two jets in the �nal state. This thesis presents the �rst measurement of electroweak
production of two jets and two identically charged W bosons, which yields the �rst observation of a
process with contributions from quartic gauge interactions of massive electroweak gauge bosons.

An overview of the most important issues in Monte Carlo simulation of vector boson scattering
processes with current Monte Carlo generators is given in this work. The measurement of the �-
nal state of two jets and two leptonically decaying same-charge W bosons is conducted based on
proton-proton collision data with a center-of-mass energy of

√
s = 8 TeV, taken in 2012 with the

atlas experiment at the lhc. The cross section of electroweak production of two jets and two like-
charge W bosons is measured with a signi�cance of 3.6 standard deviations to be σfiducial

W±W±jj−EW =

1.3 ± 0.4(stat.) ± 0.2(syst.) fb in a �ducial phase space region selected to enhance the contribu-
tion from WW scattering. The measurement is compatible with the Standard Model prediction of
σfiducial
W±W±jj−EW = 0.95± 0.06 fb. Based on this measurement, limits on anomalous quartic gauge cou-

plings are derived. The e�ect of anomalous quartic gauge couplings is simulated within the framework
of an e�ective chiral Lagrangian unitarized with the K-matrix method. The limits for the anomalous
coupling parameters α4 and α5 are found to be −0.14 < α4 < 0.16 and −0.23 < α5 < 0.24 at 95 %
con�dence level.

Furthermore, the prospects for the measurement of the electroweak production of two same-charge
W bosons and two jets within the Standard Model and with additional doubly charged resonances
after the upgrade of the atlas detector and the lhc are investigated. For a high-luminosity lhc with
a center-of-mass energy of

√
s = 14 TeV, the signi�cance of the measurement with an integrated

luminosity of 3000 fb−1 is estimated to be 18.7 standard deviations. It can be improved by 30 % by
extending the inner tracking detector of the atlas experiment up to an absolute pseudorapidity of
|η| = 4.0.
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Kurzzusammenfassung

Der Prozess der elektroschwachen Eichbosonenstreuung ist eng verbunden mit der elektroschwachen
Eichsymmetrie und ihrer spontanen Brechung durch den Brout-Englert-Higgs-Mechanismus. Da die
Eichbosonenstreuung sowohl Dreier-Eichboson-Vertizes als auch Vierer-Eichboson-Vertizes enthält,
ermöglicht dieser Prozess die Untersuchung der Selbstwechselwirkung der massiven elektroschwa-
chen Eichbosonen. Der ebenfalls in der Streuamplitude enthaltene Austausch von Higgs-Bosonen sorgt
für die Einhaltung der Unitarität der Streumatrix des Prozesses der Eichbosonenstreuung. Daher gibt
dieser Prozess Aufschluss über mögliche Abweichungen der Natur von der im Standard-Modell be-
schriebenen elektroschwachen Wechselwirkung und den Eigenschaften des Higgs-Bosons.

Die Streuung schwacher Eichbosonen kann am Large Hadron Collider (lhc) durch die Messung von
rein elektroschwacher Produktion von zwei Jets und zwei massiven elektroschwachen Eichbosonen
gemessen werden. Ein solcher Prozess ist noch nie beobachtet worden. Da der Untergrund aus QCD-
enthaltender Produktion des gleichen Endzustandes im Kanal mit zwei gleich-geladenen W -Bosonen
am geringsten ist, ist dies der am besten geeignete Endzustand für die erste Messung eines Prozesses,
der die Streuung massiver elektroschwacher Vektorbosonenstreuung enthält. Die vorliegende Arbeit
beschreibt die erste Messung der elektroschwachen Produktion von zwei Jets und zwei gleich gelade-
nenW -Bosonen, die zur ersten Beobachtung eines Prozesses führt, zu dem die Viererwechselwirkung
massiver elektroschwacher Eichbosonen beiträgt.

Die Arbeit enthält einen Überblick der wichtigsten Aspekte der Monte-Carlo-Simulation von Eich-
bosonenstreuung. Die Messung wird im Endzustand zweier leptonisch zerfallender, gleich geladener
W -Bosonen durchgeführt und basiert auf Protonenkollisionen, die im Jahr 2012 bei einer Schwer-
punktsenergie von

√
s = 8 TeV vom atlas-Experiment am lhc aufgenommen worden sind. Der

Wirkungsquerschnitt für die elektroschwache Produktion von zwei Jets und zwei gleichgeladenen
W -Bosonen wird mit einer Signi�kanz von 3.6 Standardabweichungen in Höhe von σfiducial

W±W±jj−EW =

1.3± 0.4(stat.)± 0.2(syst.) fb in einem mit Eichbosonstreuung angereicherten Phasenraumvolumen
gemessen. Ausschlussgrenzen auf anomale quartische Eichbosonkopplungen werden im Rahmen ei-
ner e�ektiven elektroschwachen Feldtheorie aus dieser Messung abgeleitet. Der Beitrag der anomalen
Kopplungen wird dabei mit der K-Matrix-Methode unitarisiert. Für die beiden anomalen Kopplungspa-
rameter α4 und α5 ergeben sich die Ausschlussgrenzen −0.14 < α4 < 0.16 und −0.23 < α5 < 0.24

mit einem Kon�denzniveau von 95 %.
Des weiteren werden in der vorliegenden Arbeit die Aussichten für die Messung von zwei gleich

geladenen Eichbosonen und zwei Jets nach dem Standard-Modell sowie mit zusätzlichen, zweifach
geladenen Resonanzen nach der Aufrüstung des atlas-Detektors und des lhc untersucht. Mit dem
Hoch-Luminositäts-lhc mit einer Schwerpunktsenergie von

√
s = 14 TeV wird die Signi�kanz der

Messung im Fall des Standard-Modell-Prozesses bei einer integrierten Luminosität von 3000 fb−1 auf
18.7 Standardabweichungen steigen. Die Signi�kanz kann durch Verlängerung des Spurdetektors von
atlas bis zu einer Pseudorapidität von |η| = 4.0 um 30 % verbessert werden.
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Conventions

Unit system Throughout this thesis, natural units are used with the speed of light and the reduced
Planck constant set to c = ~ = 1. In this system, masses and momenta obtain units of energy usually
given in MeV, GeV, or other multiples of eV.

Notation for particles Terms for particles are commonly used also for anti-particles, especially
in the experimental context. "Quarks" also denotes anti-quarks, "electrons" also denotes positrons,
"neutrinos" also denotes anti-neutrinos, etc. The term "lepton" is used meaning charged leptons only.
Jets and partons are usually abbreviated with j.

Angular distance measures Measures of angular distances of two objects i, k in the detector co-
ordinate system are de�ned as follows: The distance in the pseudorapidity-azimuth plane is de�ned
in Section 4.2.1 as ∆R(i, k) =

√
∆φ(i, k)2 + ∆η(i, k)2. For the azimuthal angle φ, the distance is de-

�ned as ∆φ = φ(i)− φ(k) within the interval [−π, π]. The pseudorapidity distance is the di�erence
in pseudorapidity ∆η(i, k) = η(i)− η(k).
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CHAPTER 1

Introduction

One of the most prominent tasks of the experiments at the Large Hadron Collider (LHC) is the study
of the mechanism of electroweak symmetry breaking. While this �eld of research has been pursued
since the 1960s, the discovery of a bosonic resonance compatible with the Higgs boson of the Standard
Model in 2012 [7, 8] has stimulated the investigation of the exact nature of the symmetry breaking. A
crucial process giving access to the mechanism of electroweak symmetry breaking is the scattering of
two weak gauge bosons, measured in the purely electroweak production of two weak gauge bosons
and two jets.

The process of electroweak gauge boson scattering is tied to two hardly explored aspects of the
Standard Model, i.e. our current understanding of the interactions of elementary particles: The self-
couplings of electroweak bosons described by the gauge theory of the electroweak interaction as well
as the symmetry breaking of the electroweak gauge symmetry established through the Brout-Englert-
Higgs mechanism [9, 10].

The electroweak gauge theory of the Standard Model [11] describes the electroweak gauge bosons
as vector �elds introduced to conserve local gauge invariance. The electroweak gauge bosons self-
interact via triple and quartic gauge boson vertices. While triple gauge couplings [12–14] as well
as quartic gauge couplings involving photons [15, 16] have been studied already at LEP, the quartic
coupling of four massive electroweak gauge bosons is unconstrained by data from colliders prior to the
LHC. The cross section of electroweak gauge boson scattering contains contributions from both triple
and quartic gauge boson interactions. Therefore, the observation of weak gauge boson scattering is
the �rst opportunity to gain information on quartic gauge couplings of massive weak bosons and to
compare to the Standard Model prediction.

Furthermore, the scattering of two weak bosons is closely linked to the mechanism of electroweak
symmetry breaking. In the Standard Model, the electroweak symmetry is spontaneously broken by
introducing a scalar �eld generating four degrees of freedom of which one is the Higgs boson and the
other three constitute the longitudinal modes of the weak bosons W+, W−, and Z0. Hence, the scat-
tering of massive electroweak bosons directly probes the symmetry breaking sector. The Higgs boson
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1 Introduction

itself also plays a role in the scattering of weak bosons: Its contribution leads to a regularization of
the scattering amplitude which, without the Higgs boson, would violate unitarity at LHC energies [17,
18]. Consequently, properties of the Higgs boson deviating from the Standard Model can be visible in
vector boson scattering as well.

Hence, the scattering of electroweak gauge bosons addresses some of the unresolved aspects of
the current understanding of elementary particles and their interactions as described by the Standard
Model. New physics that would be directly detectable only at higher energy than accessible by the
LHC can be visible indirectly through its low-energy e�ects. Modeling these e�ects with an e�ective
�eld theory allows to probe anomalous quartic gauge couplings in the process of electroweak gauge
boson scattering.

The �rst observation of a vector boson scattering process via the measurement of the electroweak
production of two same-charge W bosons and two jets is described in this thesis. Since the scattering
of electroweak bosons is not separable in a gauge invariant manner from other ways of producing two
gauge bosons and two jets via electroweak vertices, the measurable process is the purely electroweak
production of two gauge bosons and two jets. Other combinations of di-bosons have been previously
investigated as potential candidates for a measurement at the LHC [19, 20], but the scattering of two
same-chargeW bosons has the advantage of a suppressed background from QCD-mediated production
of two same-chargeW bosons and two jets. The measurement of electroweak production of two same-
charge W bosons and two jets is conducted based on proton-proton collision data with a center-of-
mass energy of

√
s = 8 TeV taken in 2012 with the atlas detector. In addition to the extraction of the

cross section, limits on anomalous quartic gauge couplings are derived from the measurement.
As the LHC is entering the next run of data taking at an increased center-of-mass energy of

√
s =

13 to 14 TeV and will continue to take data in the next decade and beyond, this thesis explores the
possibility to measure electroweak gauge boson scattering and possible new resonances in the �nal
state of two same-charge W bosons and two jets with an upgraded atlas detector at an upgraded
LHC.

This work outlines the preparation and implementation of the �rst measurement of a process con-
taining vector boson scattering. The theoretical basis of the Standard Model and the process of vector
boson scattering within the Standard Model and beyond are introduced in Chapter 2. Chapter 3 de-
scribes the simulation of physics processes containing the scattering of two weak gauge bosons by
means of Monte Carlo simulation. Generator settings for the production of two electroweak gauge
bosons and two jets are validated and applied to the case of anomalous quartic gauge couplings in the
�nal state of two same-charge W bosons and two jets. The layout and operation of the atlas detec-
tor as the experimental setting used for the measurement are summarized in Chapter 4. Chapter 5
presents the �rst observation of electroweak production of two same-charge W bosons and two jets,
as well as limits on anomalous quartic gauge couplings derived from this measurement. The prospects
for observation of this process assuming the Standard Model or scenarios with additional resonances
are investigated in Chapter 6.
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CHAPTER 2

Vector Boson Sca�ering and the Standard

Model

To prepare the necessary theoretical tools for studying vector boson scattering, this chapter introduces
the Standard Model of particle physics (Section 2.1). Its construction principles, based on symmetry
groups and a Lagrangian density, as well as its empirically determined particle content are described.

In the second part of this chapter (Section 2.2), the scattering of electroweak gauge bosons is ex-
plained within the framework of the Standard Model. Additionally, the possibilities for new physics
processes in�uencing electroweak gauge boson interactions are explored in Section 2.3 following the
formulation of an e�ective �eld theory of physics beyond the Standard Model in the electroweak sector.

2.1 The Standard Model of particle physics

The Standard Model of Particle Physics (SM) is a quantum �eld theory (QFT) describing the inter-
actions of the smallest building blocks of the universe that are accessible to current particle physics
experiments. As a QFT it describes systems in the relativistic and the microscopic limit. Particles are
introduced as quantized �elds acting according to a Lagrangian density formulation. The Lagrangians
governing the interactions of the �elds are required to obey a set of local gauge symmetries.

The development of QFT started in the late 1920s with the formulation of Dirac’s equation and
continued with the foundation of the ingredients of the SM: Quantum Electrodynamics, electroweak
theory and electroweak symmetry breaking, and Quantum Chromodynamics. Today, the Standard
Model is largely accepted as it provides precise predictions for data at the current and precursory
high-energy experiments, such as the LHC, Tevatron, and LEP.

The discovery of a boson consistent with the SM Higgs boson at the LHC Run-1 [7, 8] has provided
some insight into the nature of the electroweak symmetry breaking mechanism. The origin and prop-
erties of this mechanism remain to be thoroughly studied in the next years and at future colliders.
Even though most of the current data is well described by the SM, there are a few limitations of this
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2 Vector Boson Scattering and the Standard Model

theory. These are brie�y discussed in Section 2.1.7.
The presentation of the physics of the SM in this chapter is by no means complete and can only

touch the most important concepts. In-depth coverage of SM physics can be found for instance in [21–
23].

2.1.1 Construction of the Standard Model: Symmetries

The construction of the SM Lagrangian is based on a set of symmetries postulated from �rst prin-
ciple. Like any QFT, the SM Lagrangian obeys a set of global symmetries: translation in time and
space, rotation, and inertial frame invariance, which are connected by Noether’s theorem [24] to the
conservation of energy, momentum, and angular momentum. In addition, the SM Lagrangian is a non-
Abelian gauge theory with the SU(3)C ⊗ SU(2)L ⊗ U(1)Y symmetry group. Invariance with respect to
this group leads to conservation of color charge, weak isospin, and weak hypercharge.

Furthermore, the SM Lagrangian is required to be renormalizable. This means that in�nities arising
through loops in the perturbative expansion can be treated by reparametrization of physical properties
in a way that leads to �nite observables. The regularization introduces an arbitrary energy scale, the
renormalization scale.

The most general renormalizable Lagrangian obeying above-mentioned symmetries is the SM La-
grangian. It consists of the following components:

LSM = LEW + LQCD + LHiggs + LYukawa, (2.1)

i.e. terms for the uni�ed electroweak interaction, Quantum Chromodynamics (QCD), and electroweak
symmetry breaking with the Higgs potential as well as the coupling of the fermions to the Higgs
�eld via Yukawa coupling. In the following, these Langrangian terms are discussed, along with their
associated �elds, symmetries and the conserved properties.

2.1.2 Electroweak theory

The electroweak theory comprises the description of electromagnetic and weak interactions, combined
in one gauge theory.

�antum Electrodynamics

Electromagnetic interactions are described by the QFT of Quantum Electrodynamics (QED), which has
been completed by Feynman and Schwinger by the year 1949 [25–28]. QED is based on the Lagrangian

LQED = ψ̄ (iγµ∂µ −m)ψ + eψ̄γµQAµψ −
1

4
FµνF

µν (2.2)

with the �eld strength tensor
Fµν = ∂µAν − ∂µAν (2.3)
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2.1 The Standard Model of particle physics

describing the interactions of the Dirac �elds ψ and their adjoint �elds ψ̄ ≡ ψ†γ0 associated with
particles with mass m and electric charge Q. Furthermore, a gauge �eld Aµ is introduced which
corresponds to the electromagnetic gauge boson, the photon. The QED Lagrangian is constructed
from the Dirac equation by introducing the massless gauge �eld Aµ to ensure local gauge invariance
underU(1)Q transformation. γµ are the Dirac matrices and e is the electromagnetic coupling constant,
de�ned as e =

√
4πα based on the �ne-structure constantα. Einstein’s sum rule of implicitly summing

over upper and lower indices is used throughout this chapter.

Weak theory

The weak interaction, also denoted as Quantum Flavor Dynamics (QFD), is based on the Fermi the-
ory [29]. The underlying gauge symmetry is that of the SU(2)I symmetry group whose associated
charge is the weak isospin I . Left- and right-handed spinors are separated by applying the projection
operators PL = 1

2(1−γ5) and PR = 1
2(1+γ5) on the fermion �elds: ψL = PLψ and ψR = PRψ. Due

to maximal parity violation , the weak interaction couples only to left-handed fermions. According
to the present-day version of the Fermi theory, the Lagrangian of weak interactions can be written as
[30]

Lw =
GF
2
Jµ(x)Jµ(x) (2.4)

with the Fermi constant GF and a current Jµ(x) = J
(l)
µ (x) + J

(h)
µ (x) comprising of the sum of the

leptonic current

J (l)
µ = 2ēL(x)γµνe,L(x) + 2µ̄L(x)γµνµ,L(x) + 2τ̄L(x)γµντ,L(x)

and the hadronic current

J (h)
µ = 2ūL(x)γµdL(x) + 2c̄L(x)γµsL(x) + 2t̄L(x)γµbL(x).

While describing well the low-energy weak interactions, this theory is non-renormalizable and fea-
tures a divergent high-energy behavior.1 Introducing intermediate gauge bosons cures the high-energy
behavior of the theory. However, it stays non-renormalizable due to the non-vanishing masses of the
W−,W+, and Z0 bosons. This issue is solved by the mixing of QED and weak theory to the elec-
troweak theory.

Electroweak theory

The electroweak theory was developed by Glashow, Salam, and Weinberg from 1961 to 1969 [11, 31, 32].
In this theory, the electromagnetic and weak interactions are combined by embedding the symmetry
groups SU(2)I and U(1)Q into the new group SU(2)L ⊗ U(1)Y according to the newly introduced
weak hypercharge Y = 2(Q − I3). The currents of the weak interaction couple only to left-handed

1 It can be understood as an e�ective theory, cf. Section 2.3.
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2 Vector Boson Scattering and the Standard Model

fermions (hence the subscript L), which are grouped into SU(2) doublets with the third component
of the weak isospin I3 = ±1

2 . Right-handed fermions form SU(2) singlets with the third component
of weak isospin I3 = 0. The electroweak Lagrangian takes the form

LEW =
∑
fl,fR

ψ̄f iγ
µDµψf −

1

4
BµνB

µν − 1

4
WµνW

µν (2.5)

with the covariant derivative

Dµ = ∂µ + igY
1

2
Ŷ Bµ + igw

1

2
τaWaµ (2.6)

where Ŷ is the weak hypercharge operator, τa are the three generators of the SU(2)L group, andBµν
andWµν are the �eld strength tensors based on the gauge �elds of the U(1)Y groupBµ and the gauge
�elds Wiµ (i = 1, 2, 3) of the SU(2)L symmetry group. This form of the covariant derivative ensures
invariance under local gauge transformations of the SU(2)L ⊗U(1)Y group. The coupling constants
are related according to

gY cos θw = gw sin θw = e (2.7)

with the weak mixing angle θw and the electromagnetic coupling constant e. The gauge bosons W1µ

and W2µ are combined linearly to the mass eigenstates

W±µ =
1√
2

(W1µ ∓ iW2µ) (2.8)

while Bµ and W3µ mix according to the weak mixing angle as

Aµ = Bµ cos θw +W3µ sin θw (2.9)

Zµ = −Bµ sin θw +W3µ cos θw. (2.10)

Here, Aµ is the photon �eld, describing the massless photon particle, and Zµ is the Z boson �eld,
describing the massive Z boson. The mass eigenstates of the fermions, for instance the electron e =

eL + eR, do not respect the SU(2)L ⊗ U(1)Y symmetry as terms of the form mψ̄ψ are not SU(2)L

invariant. The symmetry breaking is introduced as a spontaneous symmetry breaking via the Higgs
mechanism, which retains renormalizability of the theory as well as gauge invariance.
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2.1 The Standard Model of particle physics

2.1.3 Electroweak symmetry breaking: The Higgs mechanism

The breaking of the SU(2)L ⊗ U(1)Y symmetry is realized by the Higgs mechanism as proposed by
Brout, Englert, and Higgs in the 1960s [9, 10].2 A complex SU(2)L doublet Φ with non-vanishing
vaccuum expectation value v = <0|Φ|0> is introduced as

Φ =

(
φ+

φ0

)
=

(
(φ1 + iφ2)/

√
2

φ3 + iφ4)/
√

2

)
(2.11)

by adding the Lagrangian [21, sec. 15.2]

LHiggs = (DµΦ)†(DµΦ)− V (Φ) (2.12)

with the covariant derivative from (2.6) to the electroweak Lagrangian (2.5). The Lagrangian LHiggs

comprises the kinetic term of the Higgs �eld, governing its interactions with the electroweak gauge
bosons, as well as the Higgs potential. The kinetic term gives rise to the masses of W and Z bosons
according to mW = 1

2vgw and mZ
mW

= cos θw. The potential is of the form [21, sec. 14.9]

V (Φ) = −µ2Φ†Φ + λ(Φ†Φ)2 with µ2, λ > 0. (2.13)

As the minimum of the potential is identi�ed with the vacuum expectation value, it follows µ2 = λv2.
The remaining parameters v and λ need to be determined from experiment. The local gauge symmetry
is broken spontaneously by assigning the ground state

Φ0 =
1√
2

(
0

v

)
. (2.14)

This breaks the SU(2)L ⊗U(1)Y symmetry into U(1)Q. Of the four degrees of freedom of the gauge
�eld (2.11), three are absorbed by the W± and Z bosons. The fourth generates the Higgs boson with
mass mH =

√
2λv.

The masses of fermions are generated through the interactions with the Higgs �eld by introducing
a Lagrangian term of the form [21, sec. 15.4]

LYukawa = −G1L̄ΦR+G2L̄ΦcR+ hermitian conjugate (2.15)

where the doublet Φc = −iτ2Φ∗ is introduced in order to account for masses of up-type quarks, L
denotes the doublets of left-handed fermions, andR the singlets of right-handed fermions. G1 andG2

contain the Yukawa couplings gf of the fermions to the Higgs �eld according to the fermion masses,
as mf = 1√

2
gfv.

2 At least four additional physicists, Anderson, Hagen, Kibble, and Guralnik, are equally associated with the proposal of
this theory. However, it is common to refer to the particle only by the name of Higgs, since he was the �rst to describe
the existence of an excitation of the �eld.
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2 Vector Boson Scattering and the Standard Model

The described mechanism is the minimal model of electroweak symmetry breaking through the
Higgs mechanism, and explains the introduction of masses of the gauge bosons and fermions.

2.1.4 �antum Chromodynamics

The strong interactions of quarks are described by the theory Quantum Chromodynamics (QCD) de-
veloped in the 1970s [33, 34]. It is a non-Abelian gauge symmetry with the symmetry group SU(3)c

associated with the strong color charge. The QCD Lagrangian is of the form

LQCD =
∑
f

iq̄fγ
µDµqf −

1

4
GiµνG

i µν (2.16)

where the covariant derivative is
Dµ = ∂µ +

i

2
gsλiG

i
µ, (2.17)

containing the quark �elds qf in triplets of the color charge, the strong coupling constant gs =
√

4παs,
the eight generators λi of the SU(3)c group, and the �eld strength tensors Gµν associated with the
eight boson �elds Gaµ. The gauge bosons of the strong interaction are the massless gluons which
carry color and anti-color.

Important features of QCD are asymptotic freedom and con�nement. Their in�uence on perturba-
tive QCD and dynamics of partons in high-energy interactions are discussed in Section 3.1.2.

2.1.5 Particle content of the Standard Model

A summary of the empirically determined particle content of the SM is given in the following tables:

1st generation 2nd generation 3rd generation
e− νe µ− νµ τ− ντ

el. charge Q −1 0 −1 0 −1 0

3rd component of
weak isospin I3

− left-handed (SU(2) doublets) −1/2 +1/2 −1/2 +1/2 −1/2 +1/2

− right-handed (SU(2) singlets) 0 − 0 − 0 −
color charge − − − − − −

Table 2.1: Overview of leptons of the SM and corresponding values of the charges. For each of these leptons, an
anti-lepton with conjugated charge and parity and the same mass exists.
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2.1 The Standard Model of particle physics

1st generation 2nd generation 3rd generation
u d c s t b

electric charge Q +2/3 −1/3 +2/3 −1/3 +2/3 −1/3

3rd component of
weak isospin I3

− left-handed (SU(2) doublets) +1/2 −1/2 +1/2 −1/2 +1/2 −1/2

− right-handed (SU(2) singlets) 0 0 0 0 0 0

color charge r,g,b r,g,b r,g,b r,g,b r,g,b r,g,b

Table 2.2: Overview of quarks of the SM and corresponding values of the charges. For each quark, an anti-quark
with conjugated charge and parity and the same mass exists.

electroweak: strong:
SU(2)L⊗U(1)Y SU(3)C
γ W± Z0 g

electric charge Q 0 ±1 0 0

3rd component of weak isospin I3 0 ±1 0 0

color charge - - - 8 color-anticolor
combinations

Table 2.3: Gauge bosons of the SM ordered by the corresponding gauge group.

2.1.6 Predictions based on the Standard Model

Sca�ering theory and Feynman calculus

The SM is a successful theory which allows to predict interactions between elementary particles. In
order to probe its predictions, experimentally observable decays or scattering processes should be
compared to their cross sections, calculated based on the SM. The calculation of a cross section is based
on the matrix-element or amplitudeM for the process and the phase space in which it proceeds.

To calculate the amplitude, each contributing diagram is evaluated according to the perturbative
approach of so-called Feynman rules, which can be obtained from the terms of the given Lagrangian.
They contain prescriptions for the calculation of propagators of the �elds and their interaction vertices.
Then, the integral of the sum of all diagrams is evaluated over the desired phase space PS. This gives
an entity proportional to the cross section as

σ ∼
∫
PS
|M|2dΦ. (2.18)

The proportionality factor is taken from scattering theory and can be found in many textbooks [22,
23]. It is useful to express the amplitude as a function of Lorentz invariant variables. For a 2 → 2
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2 Vector Boson Scattering and the Standard Model

process, amplitudes are often expressed in terms of the Mandelstam variables, de�ned for a process
AB → CD with four-momenta pi (i = A,B,C,D) as

s = (pA + pB)2 (2.19)

t = (pA − pC)2 (2.20)

u = (pA − pD)2. (2.21)

2.1.7 Outlook to physics beyond the Standard Model

Despite its success in describing physics in the currently experimentally accessible energy range, there
are limitations to the SM that motivate ideas for new physics. The following issues [35], [22, ch. 12]
are still unsolved and might be answered at the LHC or other experiments:

• Dark matter is postulated to exist in order to explain galactic rotation velocities and other dis-
crepancies between gravitational mass and visible mass, found in large-scale gravitational ef-
fects. Candidate particles for dark matter are assumed to be heavy, weakly interacting, neutral
and stable particles. Theories providing such a particle include supersymmetry (SUSY) [36] as
well as the Peccei-Quinn mechanism [37]. However, no candidate for a dark matter particle has
yet been con�rmed.

• No renormalizable QFT for gravity exists. It is therefore unclear if a theory of gravitation can
be incorporated into the framework of an extended SM.

• A set of issues are raised by the fact that large energy scale di�erences exist in the SM, resulting
in the need of �ne-tuned cancellations of loop contributions. This is known as the hierarchy
problem. Proposed solutions to the hierarchy problem include technicolor [38, 39] and extra
dimensions [40].

• From the abundance of matter over anti-matter it is concluded that theCP symmetry is violated.
However, the observed CP violation from the weak interaction is not su�cient to yield the
degree of violation necessary to explain the asymmetry between matter and anti-matter.

• A �rst insight to the nature of the mechanism of electroweak symmetry breaking has been
achieved by the discovery of a Higgs-like boson at the LHC. However, more investigation is
necessary to measure its properties and to clarify whether electroweak symmetry breaking is
realized in the minimal SM way, or di�erently. Other ansaetze include strong electroweak sym-
metry breaking where the Higgs is a bound state of a strongly coupled gauge theory, as well as
the “Little Higgs” model in which the Higgs boson is the Goldstone boson of a higher, broken
symmetry [41].

• The pursuit of a Grand Uni�ed Theory (GUT), consisting of a larger symmetry group containing
the SM, is based on the idea that all forces of the SM are embedded in one original force. SUSY
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2.1 The Standard Model of particle physics

models provide such a uni�cation of the weak, strong, and electromagnetic interactions at large
energy. Many searches for SUSY are on-going at the LHC [42].
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2 Vector Boson Scattering and the Standard Model

2.2 Electroweak gauge boson sca�ering in the Standard Model

The scattering of two electroweak gauge bosons directly probes the nature of the electroweak sym-
metry breaking mechanism. It is therefore one of the key processes of the lhc’s physics program.
With the discovery of a Higgs-like boson at the atlas and CMS detectors in 2012 [7, 8], a new era of
investigation of the EWSB mechanism has begun. This chapter will set the basis for the description of
electroweak gauge boson scattering in the SM.

The terms electroweak gauge boson scattering and vector boson scattering are used synony-
mously throughout this thesis as in the literature [43, 44], and are abbreviated by the acronym VBS or
by the short form V V scattering, where V = W,Z, γ . The term "vector bosons" includes also gluons
and a range of non-fundamental mesons with non-zero integer spin. It is used exclusively for funda-
mental electroweak vector bosons, i.e. W, Z and photons in this work. While the scattering of massive
vector bosons (W , Z) is the only one sensitive to the mechanism of EWSB because of the generation of
their longitudinal modes through the Higgs mechanism, in many cases scattering processes involving
photons are also counted toward VBS. This is in part due to the inability to fully separate Z and γ
contributions experimentally. Furthermore, scattering processes involving photons are not sensitive
to new physics in the EWSB sector, and as such provide a good control of the SM dynamics of quartic
gauge interactions.

The observation that unitarity is violated in VLVL → VLVL processes with a heavy Higgs boson has
been published as early as 1973 by Dicus and Mathur [45]. The term Vector Boson Scattering for such
processes has been used at least since Veltman in 1979 [46]. Scattering of electroweak gauge bosons
has been a process of interest for hadron collider physics since the �rst proposal by Chanowitz and
Gaillard [47] to use the measurement of this process to distinguish between strong EWSB and a light
Higgs sector. Like-chargeW±W± scattering in particular has been studied early on by Chanowitz and
Golden, who concluded that its signal is "unlikely to be observable [at a 15-TeV-LHC]" [48]. Further
studies by Barger, Han, and others have investigated experimental prospects by studying kinematic
properties of V V jj signals at then prospective colliders like the LHC [49, 50]. The study of vector
boson fusion to Higgs processes with the Higgs decaying to vector bosons provided complimentary
insight into the properties of VBS, leading to the development of jet tagging for VBS and VBF pro-
cesses [51, 52]. In this context, the signal was often produced with an e�ective W approximation [53,
54]. Early MC based studies of prospects for the measurement of WW scattering at the LHC were
performed [19, 20, 55] to prepare experimental e�orts for this measurement. Experimentally, a signal
dominated by VBS has not been observed before the measurement ofW±W±jj-EW presented in this
thesis and published by the atlas collaboration [56].

2.2.1 Definition of vector boson sca�ering

As described in Chapter 2.1.3, the Higgs mechanism of spontaneous symmetry breaking of the local
gauge invariance with respect to the symmetry group SU(2)⊗U(1) produces three Goldstone modes
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2.2 Electroweak gauge boson scattering in the Standard Model

and a Higgs boson which can be observed through its decay products. The three Goldstone modes
correspond to the longitudinal, massive modes of the weak gauge bosons. In the scattering of two
vector bosons, the interaction of their longitudinal degrees of freedom therefore corresponds to the
interaction of these Goldstone modes. Complementary to the direct measurement of the properties
of the Higgs boson, this channel provides information on the properties of the other three degrees
of freedom of the Higgs �eld. Thus, studying the gauge interactions of the weak bosons is essential
for the understanding of EWSB within or beyond the SM. Triple gauge interactions can be probed
experimentally in the production of two electroweak gauge bosons [57] and in vector boson fusion
(VBF) to W or Z bosons [58]. The quartic gauge interaction is accessible through V V scattering or
production of three electroweak bosons.

Vector boson scattering in the SM is de�ned according to the Feynman diagrams shown in Fig-
ures 2.1, 2.2a, and 2.2b.

V
V

V
V

qi2

qi1

qf2

qf1

Figure 2.1: Feynman diagram of electroweak vector boson scattering. The grey circle stands for any connected
diagram with the given external lines at leading order, i.e. the diagrams shown in Figures 2.2a and 2.2b.

The scattering process is described with Feynman diagrams containing

• quartic gauge boson vertex

• triple gauge boson vertices in the s, t, and u channels

• and Higgs exchange.

Depending on the charge of the initial and �nal state vector bosons, not all of these diagrams are
allowed in all channels. In the case ofW±W± scattering, no s-channel gauge boson or Higgs exchange
is allowed.

2.2.2 Electroweak gauge boson sca�ering as sca�ering of Goldstone Bosons

The scattering of vector bosons in their longitudinal polarization state can be calculated employing
the Goldstone Boson Equivalence theorem (GBET) [18, 23]. It is based on the fact that in the high-
energy limit, the dynamics of longitudinally polarized electroweak gauge bosons are governed by
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2 Vector Boson Scattering and the Standard Model

(a) Contributions from electroweak gauge boson interactions.

(b) Higgs exchange contributions.

Figure 2.2: V V → V V diagrams included in vector boson scattering at tree-level. Dashes indicate Higgs prop-
agation.

the Goldstone boson originating from the Higgs mechanism. This allows to associate the amplitude of
scattering of the massive electroweak vector bosons’ longitudinal modesVL to the scattering amplitude
of the would-be Goldstone scalars [59]

M(WLWL →WLWL) =M(ww → ww) (2.22)

M(WLZL →WLZL) =M(wz → wz) (2.23)

M(WLWL → ZLZL) =M(ww → zz) (2.24)

M(ZLZL → ZLZL) =M(zz → zz) (2.25)

if the external W bosons are treated as real longitudinally polarized gauge bosons.
As the polarization vector

εµL =
1

mV

(
|~p|, ~p|~p|E

)
=

pµ

mV
+O(

mV

E
) (2.26)

grows with momentum p, longitudinally polarized gauge bosons yield the dominant contribution to
the V V → V V cross section at high energy [60].

Using the GBET to calculate the amplitude forW+
LW

+
L →W+

LW
+
L , the relevant diagrams of Figures

2.2a and 2.2b with Goldstone bosons as the external lines yield the amplitude [50]

M(w+w+ → w+w+) = −g
2
wm

2
H

4m2
W

[
t

t−m2
H

+
u

u−m2
H

]
. (2.27)

Here, s, |t|, |u|,m2
H � m2

W such that γ, Z exchange are neglected. This has been shown to be equiv-
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2.2 Electroweak gauge boson scattering in the Standard Model

alent to the exact calculation with external W bosons instead of Goldstone bosons in the limit of
s� m2

W ,m
2
H [50].

2.2.3 Sca�ering of electroweak gauge bosons and the Higgs boson

The amplitude of WW scattering shall be inspected further. Using unitary gauge, which means set-
ting the Goldstone bosons to zero, in the high energy limit the amplitude for the scattering of two
longitudinally polarized gauge bosons W±W∓ →W±W∓ without Higgs contributions (Figure 2.2a)
takes the form [59, 60]

Mgauge = − g2
w

4m2
W

u+O
([

E

mW

]0
)
. (2.28)

ThisE2 behavior remains after cancellation of∼ E4 terms between the quartic and triple gauge inter-
action diagrams in Figure 2.2a [50]. The remaining amplitude rises with energy and therefore violates
unitarity at the unitarity bound. The amplitude of the Higgs exchange contributions (Figure 2.2b) is
given by

MHiggs = − g2
w

4m2
W

[
(s−m2

W )2

s−m2
H

+
(t−m2

W )2

t−m2
H

]
. (2.29)

In the high-energy limit, where s, t, u� m2
W ,m

2
H , this reduces to:

MHiggs =
g2
w

4m2
W

u. (2.30)

Thus, the terms rising with energy cancel and leave a constant term which is not violating unitarity.
This only holds if the Higgs boson behaves as described in the SM with SM Higgs couplings to the gauge
bosons and if ρ ≡ m2

W

m2
Z cos2(θw)

= 1 is valid for the ρ parameter [60]. Without the SM-Higgs boson,
unitarity of the S-matrix would be violated in all VBS channels through the high-energy behavior of
the scattering of longitudinally polarized vector bosons. This is illustrated by Figure 2.3.

2.2.4 Unitarity bound on the Higgs mass

From the considerations on the violation of unitarity in the absence of a light Higgs boson follows a
limit on the Higgs boson mass. If the mass of the Higgs boson is not mH �

√
s, Equation (2.30) is not

valid and the divergent terms in (2.28) are not canceled. This results in a theoretical constraint on the
Higgs boson mass deduced from the unitarity limit. Using the unitarity bound for the partial wave a`
(cf. 2.45)

|Re a`| ≤
1

2
(2.31)

applied to the zeroth partial wave of W+
LW

−
L → ZLZL scattering yields the constraint [59]

m2
H <

4
√

2π

GF
≈ (1.2 TeV)2. (2.32)

15



2 Vector Boson Scattering and the Standard Model

0

5×105

1×106

1.5×106

2×106

2.5×106

3×106

0 500 1000 1500 2000 2500

cr
os

ss
ec

tio
n

[f
b]

CME [GeV]

W+Z →W+Z , mH = 125 GeV
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Figure 2.3: Center-of-mass energy dependence of scattering cross sections of Vector Boson Scattering processes
in the various channels with a SM-Higgs of mass mH = 125 GeV and with a heavy Higgs of mass mH = 1010 GeV,
respectively. The heavy Higgs fails to unitarize the VBS processes.

The SM Higgs mass therefore needs to be below this threshold, otherwise another mechanism pro-
viding unitarization would have to be present. After the discovery of a Higgs-like boson with mH '
126 GeV which respects this constraint, no urgent need for an alternative mechanism is present.
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2.3 Electroweak gauge boson scattering beyond the Standard Model

2.3 Electroweak gauge boson sca�ering beyond the Standard Model

In the light of the discovery of a Higgs boson consistent with the SM Higgs boson at the LHC [7, 8],
the next step is the thorough investigation of the EWSB sector. As argued above, the process of V V
scattering is a suitable channel for this investigation complimentary to direct Higgs measurements
and searches for new particles. A variety of models in which the observed Higgs boson is not a SM
Higgs boson are still consistent with data.

One class of models are those in which the Higgs is a composite particle of some strong dynamics in
the EWSB sector. This can consist of a strongly interacting fourth family [61], a technicolor dynamic
where the Higgs boson is an isosinglet scalar generated by a walking technicolor mechanism [62, 63],
or a pseudo-Nambu-Goldstone generation of the Higgs boson [64].

Another ansatz consists of theories in which the observed state is embedded in an extended Higgs
sector. The extensions of the Higgs sector can be described for instance in the form of an additional sin-
glet [65], or as a Two Higgs Doublet Model (2HDM) [66], which includes the Minimal Supersymmetric
Standard Model (MSSM).

Any of these models imply deviations of the properties of the Higgs boson, for instance in its cou-
plings to other particles, and new physical states arising at higher energy.

Since an arbitrary number of new models is possible, it becomes clear that a check of each model’s
implication on VBS processes and the comparison to data, a "top-down" approach, is quite elaborate.
Alternatively, a "bottom-up" approach can be chosen, by devising a model-independent appearance of
new physics. Comparing data with this generic model is practical if a translation of speci�c models to
the generic theory is known. A way of introducing new physics in the electroweak sector in the form
of an e�ective �eld theory is demonstrated in this section. It remains model independent except for
the e�ects of a necessary unitarization procedure.

2.3.1 Parametrizing the unknown: E�ective field theories

An e�ective �eld theory (EFT), models the e�ects of new physical degrees of freedom present at energy
scales much higher than the currently experimentally accessible range. At low energy, they appear
as modi�cations of the interactions of known particles with respect to the interactions that the SM
speci�es. In this framework, the SM is a low-energy e�ective theory. The e�ective �eld theory contains
additional operators with higher energy dimension suppressed by the scale of new physics Λ added
to the SM Lagrangian [67] as

LEFT = LSM +
∑
d>4

∑
i

c
(d)
i

Λd−4
O(d)
i . (2.33)

Here, c(d)
i are the coe�cients of the new operators O(d)

i . The operators with dimension d > 4 should
obey the symmetries of the SM. In principle, the EFT composed as (2.33) has the following properties:
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2 Vector Boson Scattering and the Standard Model

Any new physics can be e�ectively modeled by a certain set of additional operators, which also �xes
their coe�cient to certain values, as long as the new physics scale is above the kinematic range. Oper-
ators with higher dimensions are more strongly suppressed by Λd−4. Therefore, the Lagrangian (2.33)
is usually truncated at a �xed dimension. The SM is the low-energy theory of this EFT, i.e. if Λ→∞,
the SM is reproduced. [67]

2.3.2 The electroweak chiral Lagrangian

A commonly used EFT for the electroweak sector is the electroweak chiral Lagrangian (EWChL). It is
introduced in analogy to chiral perturbation theory, a common approach for low-energy calculations
in QCD [68]. Chiral perturbation theory (χPT) is a widely-used tool for the calculation of low-energy
strong interactions between partons outside the range of asymptotic freedom that can therefore not
be calculated perturbatively by an expansion in αs. To this e�ect, χPT is based on the chiral �avor
symmetry of QCD, i.e. the symmetry between massless quarks of the same chirality but di�erent �a-
vor under isospin rotations. This symmetry is explicitly broken by the masses of quark condensates
or mesons. The resulting pseudo-Goldstone bosons of the symmetry breaking are the pions. A La-
grangian for the interaction of mesons can be formulated, with additional operators at �xed order of
derivatives, such as the Gasser-Leutwyler Lagrangian [69] with 10 operators and 10 coe�cents. Fixed
by the full QCD theory, the values of these coe�cients represent a distinct pattern characteristic for
QCD [70].

In analogy, an e�ective Lagrangian is devised for the electroweak sector to model the mechanism
of breaking the electroweak SU(2)L ⊗ U(1)Y symmetry to U(1)Q and a remaining symmetry in the
scalar sector, the custodial symmetry SU(2)C . In this case, the e�ective Lagrangian is constructed
with a non-linear representation of the SU(2)L ⊗ (U1)Y symmetry and contains a mechanism to
spontaneously break it. This has been initially developed by Longhitano, Appelquist and Bernard [71,
72]. By adding higher-order operators and their coe�cients as in the case of QCD, it should be possible
to probe the underlying full theory through the experimentally determined values of these coe�cients,
the low-energy couplings [70].

The symmetry breaking is realized by introducing a �eld Σ(x), which is a unitary matrix transform-
ing under local SU(2)L transformations U(x) and U(1)Y transformations V (x) as

Σ(x)→ U(x)Σ(x)V †(x).

It can be parametrized as [73, 74]

Σ(x) = exp

(
−i
v

3∑
a=1

waτa

)
(2.34)

with the Goldstone bosons wa(a = 1, 2, 3) generated by the spontaneous breaking of the electroweak
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2.3 Electroweak gauge boson scattering beyond the Standard Model

symmetry. The e�ective Lagrangian

LEWChL = L2(W ) + L3 + Lk + LΣ (2.35)

is written in terms of the Σ matrix consisting of Lagrangian terms for the weak boson masses L2(W ),
the fermion masses L3, the kinetic terms of the electromagnetic and weak interactions Lk and a sym-
metry breaking term LΣ [71, 74].

2.3.3 Anomalous couplings in the electroweak chiral Lagrangian

Calculating the one-loop correction terms for the EWChL yields several terms which obey the custodial
isospin symmetry SU(2)C as well as CP invariance. Of those, the following two operators Li with
couplings αi in�uence quartic gauge boson couplings only [74, Sec. 2.3.2]

L4 = α4(tr[VµVν ])2, (2.36)

L5 = α5(tr[VµV
µ])2 (2.37)

with the de�nition Vµ = Σ(DµΣ)†. These terms introduce anomalous quartic couplings (aQGC) of
the electroweak gauge bosons and can be probed in VBS processes.

2.3.4 Resonances in the electroweak chiral Lagrangian

The EWChL can also be extended by explicitly adding new degrees of freedom at lowest order. They
appear as resonances of di�erent spin-isospin con�guration: scalar �elds σ and φ, a vector �eld ρ as
well as tensor �elds f and t can be added to the Lagrangian by a kinetic term and their couplings to
W/Z bosons [73].

The types of resonances, their partial widths for decays into vector bosons, and their conversion
into α4 and α5 contributions are listed in Table 2.4.

resonance spin J isospin I Γ/Γ0 ∆α4 / α ∆α5 / α

φ 0 2 1 1/4 −1/12

σ 0 0 6 0 1/12

t 2 2 1/30 −5/8 35/8

ρ 1 1 4/3 v2/M2 3/4 −3/4

f 2 0 1/5 5/2 −5/8

Table 2.4: Resonances in VBS and their properties. The remaining factors are Γ0 = g2/64π ·M3/v2 and α =
16πΓ/M × v4/M4 [73].

The conversion between resonances and anomalous couplings are determined from integrating out
the resonances [73]. In many of the currently experimentally accessible cases, these conversions have
been found to be valid only up to a point where the contribution from non-SM terms is very small [75].
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2 Vector Boson Scattering and the Standard Model

For W±W± scattering, the relevant resonances are the t resonance (tensor quintet) as well as the
φ resonance (scalar quintet), since both of them can be doubly electrically charged. Translated to
complete new physics theories, t resonances correspond to extended composite Higgs models, while
φ-type resonances appear in the Littlest Higgs model [44].

2.3.5 E�ective field theory with linear symmetry breaking

The EWChL ansatz is especially suitable if the symmetry breaking dynamics are strongly interacting.
After the discovery of a SM-like Higgs boson candidate, the inclusion of a SM Higgs resonance and
symmetry breaking through the Higgs mechanism is the choice at hand.

Alternatively to the EWChL approach with its non-linear symmetry breaking, it is also possible to
construct an e�ective Lagrangian with linear realization of the SU(2)L⊗U(1)Y gauge symmetry [67,
76].

Considering only genuine quartic gauge vertices, the operators added in the frame of (2.33) are
at least of dimension 8. Operators with lower dimension contribute also to triple gauge couplings
and are thus more strongly constrained by processes sensitive to triple gauge interactions. The two
independent dimension 8 operators without derivatives of the gauge �elds are [76]

OS,0 = [(DµΦ)†DνΦ]× [(DµΦ)†DνΦ]

and OS,1 = [(DµΦ)†DµΦ]× [(DνΦ)†DνΦ]. (2.38)

combined with the couplings to the Lagrangian terms

LS,0 =
fS,0
Λ4
OS,0

and LS,1 =
fS,1
Λ4
OS,1. (2.39)

with the covariant derivative (2.6) and the Higgs �eld Φ.
A conversion between aQGC operator couplings (2.36) and those of the linear symmetry breaking

approach (2.39) is only possible in a vertex-speci�c manner. ForW±W±jj production, the conversion
is given for the normalized parameters f̃S,i = fS.i TeV4/Λ4 by [67, 77].

α4 = kf̃S,0 (2.40)

and α5 =
1

2
k(f̃S,1 − f̃S,0) (2.41)

where
k = v4/(8 TeV4) ≈ 1/2176. (2.42)

In addition to the operators OS,0 and OS,1 which only contain derivatives of the Higgs doublet,
eight operatorsOM,i containing two electroweak �eld strength tensors and two covariant derivatives
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2.3 Electroweak gauge boson scattering beyond the Standard Model

of the Higgs doublet exist, as well as eight operators OT,i containing four �eld strength tensors [67].

2.3.6 Unitarity

The addition of new operators to the e�ective Lagrangian generally can lead to unitarity violation in
the scattering process, i.e. the unitarity of the S-matrix, and therefore conservation of probability,
is violated. This occurs when the cancellation described in 2.2.3 breaks down as additional terms are
added which can grow asO(s),O(s2), and beyond. In an e�ective theory, if the center-of-mass energy
rises to a value close to the scale of new physics, contributions from higher-order operators are not
su�ciently suppressed.

In order to restore unitarity and to obtain physical results from an e�ective theory, a unitarization
procedure has to be applied. Such a procedure cancels the high-energy divergence of the scattering
amplitude, providing a modi�ed amplitude compliant with a unitary S-matrix, such that the cross
section stays below the cross section of the scattering process at the unitarity bound.

The unitarity condition is expressed in terms of the optical theorem derived from energy conserva-
tion in the scattering [44]

σtot =
4π

k
ImA(k, θ = 0). (2.43)

It relates the total cross-section σtot to the imaginary part of the forward scattering amplitudeA(k, 0)

with momentum k. The unitarity bound can be determined from the optical theorem using a partial
wave expansion of the scattering amplitude in terms of Legendre polynomials P` [59]

A(k, θ) =
1

k

∑
`

(2`+ 1)a`P`(cos θ). (2.44)

Then, each partial wave cross section is bounded by a unitarity condition which can be expressed by
the Argand-circle condition for elastic scattering

|a`(s)− i/2| = 1/2 (2.45)

for the partial amplitudes a`.
Various unitarization procedures enforcing this condition are known in the literature and used

for phenomenological and experimental studies: The most important procedures, k-matrix unitariza-
tion [78] and form factors [79], are described in Section 3.4.2.

If the unitarity bound depends on the unitarization procedure, and the unitarization procedure has
an in�uence on the total and di�erential cross sections of the process, it essentially becomes a part of
the model.
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2 Vector Boson Scattering and the Standard Model

2.3.7 Experimental constraints on electroweak quartic gauge interactions

No process containing massive electroweak vector boson scattering at tree level has been measured
prior to the measurement described in Chapter 5 and published in [56]. Hence, this measurement
leads to the �rst derived limits on anomalous quartic gauge couplings parameters involving only mas-
sive bosons. However, experimental constraints on electroweak quartic gauge interactions involving
photons have existed since LEP times. The genuine quartic gauge couplings aW0 and aWC for WWγγ

vertices and aZ0 and aZC for ZZγγ vertices are de�ned as introduced by [80] as the coe�cients in the
following Lagrangian terms

L0
6 =

e2

8

aW0
Λ2

FµνF
µνW+αW−α −

e2

16 cos2 ΘW

aZ0
Λ2
FµνF

µνZαZα

LC6 =
−e2

16

aWC
Λ2

FµαF
µβ(W+αW−β +W−αW−β )− e2

16 cos2 ΘW

aZC
Λ2
FµαF

µβZαZβ, (2.46)

with the energy cuto� Λ corresponding to the scale of new physics. These terms obey the custodial
symmetry as well as the charge-conjugation and parity symmetries. Various channels are available to
set limits on these couplings, mainly divided in triple gauge boson production channels, such asWWγ,
and VBS channels such as γγ → WW or WW → γγ. Neutral couplings of ZZγγ are forbidden in
the SM. Limits on the aW0 , aWC , aZ0 , and aZC parameters have been set in the measurements listed in
Table 2.5.

Experiment Channel Limits on published

L3 WWγ, νν̄γγ aW0 , aWC , aZ0 , aZC 2002[15]
OPAL νν̄γγ, qq̄γγ aW0 , aWC , aZ0 , aZC 2004 [16]
D0 γγ →WW aW0 , aWC 2013 [81]
CMS WW→ γγ aW0 , aWC 2013 [82]
CMS WWγ, WZγ aW0 , aWC 2014 [83]

Table 2.5: Experimental constraints on quartic gauge couplings involving photons. The channels in which the
anomalous couplings have been set are listed for each experiment, as well as the exclusion limits at 95 % con�-
dence level.

Limit setting on anomalous quartic gauge couplings of massive electroweak gauge bosons from the
measurement of electroweak production of W±Zjj is ongoing work in atlas [84, 85].
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CHAPTER 3

Monte Carlo generation and electroweak gauge

boson sca�ering

The adequate simulation of processes occuring in proton-proton interactions is crucial for research
at the LHC. Computer simulation is an essential tool for the understanding of expected background
processes as well as a signal which is to be extracted, whether it is a signal of new physics or the
measurement of a property predicted by the SM. In this respect, Monte Carlo methods play a role from
the generation of matrix-element events to the simulation of particle interactions with the detector
material and to the statistical analysis of an extracted signal.

As an introduction, Section 3.1 explains the MC method in general and the necessary steps for
simulation of high-energy physics processes. Section 3.2 will go into the details of MC simulation for
VBS processes. Comprehensive information on Monte Carlo simulation in high-energy physics can
be found in references [86–89]. , which have also been consulted for the summary presented in this
chapter.

3.1 Monte Carlo Simulation

Physics processes occurring at the LHC and at other high-energy experiments comprises a multitude
of particle interactions at di�erent energy scales. A full physics simulation thus takes into account [89]:

• the matrix-element of the hard scattering process,

• a parton shower algorithm to include higher-order e�ects of QCD and QED,

• non-perturbative QCD processes leading to the allocation of particles for the hard scattering as
well as the formation of �nal state particles,

• an underlying event prescription modelling secondary scattering interactions, and
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3 Monte Carlo generation and electroweak gauge boson scattering

• the detector response to the produced particles.

Due to the high dimensionality of the integrals that have to be evaluated, Monte Carlo (MC) tech-
niques are widely used for the numerical integration of the cross sections of high-energy particle
processes. The combination of the above-mentioned steps produces a sample of events that can be
directly compared to data produced at the LHC. Throughout this thesis and in the literature, these
samples are called Monte Carlo samples and abbreviated MC samples, keeping in mind that they are
the result of several subsequent steps of MC simulation.

3.1.1 Monte Carlo integration method

MC methods are widely-used techniques for sampling of random variables from a given probability
density function in order to numerically integrate highly dimensional mathematical expressions.

The integration is based on a pseudo-random number generator which provides uniformly dis-
tributed, statistically independent random numbers in the interval [0,1). The uniformly distributed
random numbers are transformed into random numbers sampled according to a probability density
function (p.d.f.). Then, according to the Law of Large Numbers, the sum [86]

1

n

n∑
i=1

h(Xi) with (Xi, ..., Xn) sampled from the p.d.f. f(x)

converges to the integral of interest,∫
PS

h(x)f(x) dx,with probability density function f(x).

The transformation of a set of random numbers drawn from a uniform distribution can be carried out
by inverting the cumulative p.d.f. If that is impossible or too di�cult, an acceptance-rejection method
can be used [86]. Several algorithms are available for this, yielding di�ering levels of quality and
speed. Another option are Markov Chain Monte Carlos which are based on highly e�cient algorithms
generating random numbers with a short-distance correlation [86].

MC in high-energy physics The MC method is particularly suited for the application to processes
in high-energy physics because of the large number of dimensions of phase space (space-time, spin,
and �avor of n �nal state particles). A MC integration for high-energy physics events makes use
of the possibility to factorize the full process into sub-processes occurring at di�erent energy scales,
which is described in Section 3.1.2. Markov chain type simulations are particularly useful for parton
showers, taking advantage of their property of short-distance correlation but absence of long-distance
dependence.

The simulation of processes involving elementary particles is based on the mechanisms of the SM
(or extensions thereof) as described in chapter 2.
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3.1.2 Perturbative QCD and the factorization theorem

For particle collisions at a hadron collider, a major issue for theoretical predictions is the treatment
of quarks and gluons, which is realized through the formalism of QCD. The calculations are based on
Feynman diagrams using a perturbative approach:

In case of QCD, the solution of the renormalization group equations (RGE) yields a negative β-
function, indicating that the theory is asymptotically free. This means that above a certain threshold
(called ΛQCD, the strong coupling constant αs is a running coupling decreasing logarithmically as a
function of the renormalization scale µR. Therefore, as Figure 3.1 shows, the coupling becomes small
in hard interactions, which can thus be calculated perturbatively. This is called the parton model of
QCD, allowing the treatment of quarks and gluons as free particles despite their con�nement at low
energies. [90]

Figure 3.1: Running of the strong coupling αs. From Particle Data Group review on QCD [91].

Thanks to asymptotic freedom, infrared safe observables can be calculated perturbatively. Non-
infrared-safe observables can be split into an infrared-safe part (hard interaction, short distance) and
a soft (long-distance) part which is not infrared safe but can be deduced from universally measurable
quantities.

Subprocesses occurring at di�erent energy scales in a hadronic collision can be separated according
to the factorization theorem [92]. It states that a scattering process ab → n at a hadron collider with
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initial hadronic particles a, b and �nal state particles n can be written as:

σab→n =
∑
a,b

1∫
0

dxadxb
∫
fh1a (xa, µF )fh2b (xb, µF ) dσ̂ab→n(µF , µR). (3.1)

As illustrated in Figure 3.2, this allows for the factorization of the total cross section σab→n into

• the non-perturbative part, obtained by evaluating the parton distribution functions (PDFs)

fhi (xi, µF ) of the initial parton i with respect to the original hadron h at a given momentum
fraction x and the factorization scale µF ,

• and the partonic cross section σ̂ab→n(µF , µR), calculated perturbatively by considering the pro-
cess ab→ n with free partons in the initial state.

con�nement asymptotic freedom

Figure 3.2: Illustration of the factorization theorem (equation 3.1). The total cross section of the process can be
factorized in a long-distance part, where con�nement governs the partonic interactions, and a short-distance
part with asymptotically free partons.

Thus, the cross section can be factorized into an integral over the �nal-state phase space Φn, as

σab→n =
∑
a,b

1∫
0

dxadxb
∫

dΦn f
h1
a (xa, µF )fh2b (xb, µF )× 1

2ŝ
|Mab→n|2(Φn;µF , µR). (3.2)

The integrand consists of the matrix element |Mab→n|2, which is usually a sum over multiple Feynman
diagrams, weighted by the PDFs. Thus, the factorization theorem allows for the calculation of the cross
section of the hadronic process while introducing a dependence on an arbitrary scale, the factorization
scale µF . The non-perturbative part of the calculation usually features a set of parameters tunable with
data.
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3.1 Monte Carlo Simulation

In order to calculate the full cross section, knowledge about the PDFs of partons of type a and b in
the initial hadrons has to be available. In the above equation, fhi (xi, µF ) dxi indicates the probability
to �nd a parton of type iwith momentum fraction xi in a hadron h probed at the energy scale µF . PDFs
are provided by several theoretical collaborations based on data from previous and current experiments
and extrapolated to the appropriate energy using the DGLAP evolution equations [93–95].

3.1.3 Matrix-Element integration and event generation

The matrix-element integration is performed by sampling the phase space and calculating the di�er-
ential cross sections dσ at a large number of sampling points. Then, the sum of these di�erential cross
sections yields the total cross section σ of the partonic process.

At tree-level, the matrix elements are calculated based on the computation of the relevant Feyn-
man diagrams or using the underlying �eld theory. Singularities in physical distributions need to
be removed via kinematic cuts. Formation of hadrons and jets is not included in the matrix-element
integration. Equivalence between partons and jets is assumed [88].

For event generation, the above generated sampling points are considered as events with the weight
dσ. In order to provide a physical sample of events, they have to be un-weighted in order to yield
a sample of events with unity weights. Un-weighting of events is performed with an acceptance-
rejection method.

3.1.4 Evolution of the final state

Final states of the hard scattering, generated from the matrix-element, consist of stable, non-observable
partons and stable leptons regardless of �avor. The matrix-element is determined at �xed order, ne-
glecting higher-order corrections, which can have sizable e�ects on particle kinematics. It is there-
fore necessary to evolve the matrix-element events, incorporating contributions from higher orders,
formation of hadrons, decays of unstable particles and underlying event. Figure 3.3 illustrates the
components of a simulated event, which are described in the following.

Parton shower

Final states of parton-level events miss any contributions exceeding the �xed order to which the matrix
element is calculated. In order to account for e�ects of higher order QCD corrections and hadroniza-
tion, these events can be interfaced to a parton showering and hadronization algorithm.

Parton showers exploit the observation that in certain kinematic regions, the dominant e�ects of
additional emissions can be described in a trivial, recursive way. In a Markov chain process, the com-
ponents of the hard subprocess are evolved by adding successive branchings of one parton into two
other partons, in the limit of soft parton or collinear gluon splitting.

An evolution variable t is chosen with a starting value T . For a splitting of parton i, the next value
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3 Monte Carlo generation and electroweak gauge boson scattering

Figure 3.3: Monte Carlo simulated
event as produced by the Sherpa
generator: This includes the
hard interaction (shown in red),
parton shower emissions (blue),
and hadronized partons (green).
Hadron decays are shown in dark
green, and QED radiation in yel-
low. The underlying event is de-
picted as additional interactions
in purple. From [96].

of t is determined by solving the equation [88]

∆i(T, t0) = R∆i(t, t0) (3.3)

for the new scale t. Here, ∆i(q1, q2) denotes the Sudakov form factor[97], which describes the proba-
bility for a parton of �avor i not to split during the evolution from scale q1 to scale q2. R is a random
number sampled from a uniform distribution in [0,1] and t0 is the infrared cuto� scale (typically,
t0 ≈ 1 GeV). The equation can be solved e.g. with a rejection method [88].

In case that the new scale t < t0, the splitting of parton i is terminated. Otherwise, the splitting of
parton i → j + k is continued by solving equation 3.3 with a new random number for the �avors j
and k at the new initial scale [98].

The evolution variable can be chosen in various ways, most commonly as either a time-like or a
space-like variable. Finally, the initial parton is replaced by a shower of partons travelling in similar
direction. A set of parameters on which the algorithm depends can be tuned to data. The total cross
section is not in�uenced by the parton shower algorithm [89].

Matching Matrix-Element and Parton Shower

In many �nal states, the tree-level matrix-element combined with a parton shower still does not de-
scribe data with the required accuracy. If available, the NLO QCD corrections to a given process should
therefore be included. However, for many processes of interest at the LHC, the NLO calculation is very
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involved and has not been carried out yet. In these cases, it can be advantageous to include additional
real QCD radiation. Although adding only the real emissions neglects the virtual emissions of the full
NLO calculation, it improves the agreement with data in many cases.

Combining a tree-level process that went through a parton shower algorithm with the same process
including one additional emission poses a new challenge: There is an overlap between events with
a real emission from the matrix-element and events with a parton shower emission with the same
kinematics. It is therefore crucial to consistently remove this overlap, e.g. through the correction of
the matrix element, or the method of truncated showers (e.g. the CKKW method [99]).

Hadronization

The resulting partons after the parton shower are then combined to color neutral composite states,
forming hadrons. As hadronization occurs at scales in the non-perturbative regime, no calculation
from �rst principles exists. Hadronization is therefore modelled based on generic properties of QCD.
Several di�erent models exist, which prescribe the combination of partons into hadrons: The main
methods used in current generators are the string model, based on linear con�nement of partons, and
the cluster model, based on the precon�nement of parton showers.

Hadron and τ decays

Some of the resulting hadrons after hadronization, as well as all τ leptons produced in the hard scat-
tering or the parton shower, are unstable and cannot be measured in the detector. As far as available,
hadron decay modelling is based on hadronic measurements and closely connected to the hadroniza-
tion model. For τ decays, a better description of data is reached by including spin e�ects.

QED radiation

Electromagnetic radiation can occur from the initial and the �nal state of an event. It can be modelled
similarly as the QCD parton shower with electric charge substituting the color charge. Another method
is based on the YFS formalism [100], which is based on a multipole evolution and used primarily for
objects radiating only electromagnetically.

Underlying event

In addition to the scattering of the two partons which contribute to the main collision, a range of in-
teraction activity is taking place which is described by the underlying event or soft QCD. It is modelled
in terms of additional interactions between partons of the colliding protons. Understanding the un-
derlying event is interesting in its own right (e.g. see [101]), but also for the prediction of background
contributions to other processes (cf. Section 5.2.4).
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Jets in hadronic events

Jets in the �nal state of a simulated event arise from several sources: Initial state radiation, emis-
sion from the partons of the hard process, as well as the underlying event. Jets are not fundamental
objects de�ned by the SM. They have to be de�ned using a jet algorithm, which prescribes how to
form jets from outgoing partons (at the matrix-element level), from hadrons (after parton shower and
hadronization), or from energy deposits in the calorimeter (at reconstruction level and in collision
data). For consistency between theory and experiment, any jet clustering algorithm is required to be
infrared and collinear safe. Section 4.3.1 describes jet reconstruction as used in atlas and in this work.

3.1.5 Commonly used Monte Carlo generators

A variety of generators provide MC simulation in the high-energy physics context, not all of which can
be mentioned here. Multi-purpose event generators such as Sherpa [102], Pythia6/8 [103, 104], and
Herwig++ [105] combine the capability to calculate exact or factorized generic matrix-elements com-
bined with parton showering and, if applicable, matching the parton-showered events to the matrix-
element. They also take care of QED radiation, hadronization, decays of hadrons and τ leptons, and
an underlying event structure.

Partonic multi-purpose generators such as MadGraph [106] and Whizard [107, 108] generate ma-
trix elements and usually provide an interface to a parton shower from an external generator, e.g.
Pythia8. Specialized codes for particular tasks in the �nal state evolution exist as well, which can be
employed instead of the multi-purpose generator for this task: For instance, Tauola++ ([109]) provides
an implementation of the decay of τ leptons in the �nal state. Photos ([110]) is a tool for calculating
QED radiative corrections.

A variety of codes which provide NLO matrix-element calculations for speci�c processes exist as
well. Generators such as VBFNLO [111] and PowhegBox [112] can be interfaced to a parton shower
algorithm and the matrix elements are corrected for matching between matrix-elements and parton
shower emission contributions.

3.1.6 Detector simulation

Based on event samples containing process-speci�c proton-proton collision events, the atlas simula-
tion chain has the task to mimic the passage of �nal state particles through the detector, including all
interactions and subsequent decays. Finally, these events should be stored in the same format as the
collision data measured by the atlas detector.
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Figure 3.4 shows the simulation chain implemented in atlas.

Figure 3.4: Computing chain for atlas simulation and data taking. Round-cornered boxes indicate persistent
data objects, while algorithms and applications are placed in square-cornered boxes. Algorithms framed by
dashed lines are optional. From [113].

Events in HepMC format [114] are generated using a MC generator and, if applicable, passed through
a �lter selecting events according to a kinematic requirement. Generator level (“MC truth”) informa-
tion of these events is passed to the detector simulation, resulting in simulated energy deposition
signals and their coordinates in the detector, which are stored in “Hits” �les. Again, in the simulation
stage, information of tracks and particle decays in the detector, e.g. photon conversion, are retained in
the “MC truth” record. Maps from the detector hits to generator-level particles in the MC-truth record
are stored in SDOs (Simulated Data Objects).

In the digitization step, the energy deposits stored as “Hits” are converted into digital signals iden-
tical to the signals delivered by the detector read-out drivers (RDOs). Simultaneously, minimum bias
events are overlayed in order to mimic pile-up contributions from additional interactions in the same
or a previous bunch-crossing.

Finally, the resulting events are passed to the reconstruction. They have the same structure and
content as data events from the atlas detector, which are passed to storage in a bytestream format to
be converted into the Raw Data Objects format. [113]

In this way, the atlas simulation chain is run successively, storing the output of each step, which
simpli�es validation and optimizes usage of resources. The most CPU-expensive step is the simulation
step, which takes several minutes per event.
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3 Monte Carlo generation and electroweak gauge boson scattering

3.1.7 From “Truth” to “Reconstruction”: Levels in the full simulation chain

The various steps necessary for a full simulation of ATLAS data have been described in the previous
sections. To summarize and to de�ne widely-used terms, Figure 3.5 shows the di�erent levels of MC
simulations available in MC samples for a typical HEP experiment like ATLAS.

Truth level Final state level Reconstruction level

underlying
event

parton hadron jet calorimeter jet

Figure 3.5: Levels in a MC simulation of a high-energy collision event.

Events on “truth level” or “parton level” contain particles as described by the matrix element calcula-
tions without QED radiation, parton shower and hadronization. Therefore, the �nal state of a collision
event contains un-decayed leptons and partons. “Final state level” events contain information on
stable particles remaining after hadronization. They can be directly originating in the hard subpro-
cess, or modi�ed by the parton shower and hadronization algorithm. Underlying event objects are
included. On “Reconstrunction level”, the event information contains objects as reconstructed by
algorithms run on fully detector simulated events. Material e�ects, magnetic �elds, decays, and the
detector response are simulated. Additional interactions such as pile-up are included.
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3.2 Monte Carlo simulation for electroweak gauge boson scattering

3.2 Monte Carlo simulation for electroweak gauge boson sca�ering

In this section, the principles of MC generation for LHC processes as explained in section 3.1 are
applied to the speci�c process of electroweak gauge boson scattering. A classi�cation of the Feynman
diagrams considered for the signal and main background processes in the de�nition used throughout
this work will be given, as well as studies of the VBS speci�c phase space, important generator settings,
and other studies relevant to VBS. Major generators used for VBS at leading-order (LO) and next-to-
leading-order (NLO), as well as for the SM and BSM cases, will be presented.

3.2.1 Defining purely electroweak vs. QCD-mediated production of two

electroweak bosons and two partons

The scattering of electroweak gauge bosons, as de�ned in Figures 2.2a and 2.2b, now has to be set
in the context of a proton-proton collision with initial spectator quarks radiating o� the electroweak
bosons, which then scatter and subsequently decay into fermions that can be measured in the detector.

This shows that there are multiple processes with the identical �nal state, some of which cannot be
separated from the VBS diagrams in a gauge invariant way. In this section, the classi�cation is �rst
given in the �nal state of V V jj, i.e. ignoring the fermionic decay of the vector bosons. The resulting
di�erence to the full fermionic �nal state consists of non-resonant contributions which are discussed
below.

The production of two electroweak gauge bosons and two partons in the �nal state, V V jj, at tree-
level can be categorized in the following way:

VBS: The electroweak-only contribution to VVjj with sca�ering of electroweak gauge bosons.

This component consists of all tree-level diagrams with actual scattering of the two electroweak
bosons. The scattering occurs via triple or quartic gauge vertices, or the exchange of a Higgs bo-
son. The VBS component includes only vertices mediated by the electroweak interaction. Figure 3.6(a)
shows all possible V V jj-EW-VBS diagrams.

Non-VBS EW: Irreducible electroweak-only VVjj diagrams without sca�ering. This compo-
nent consists of all VVjj production diagrams which contain electroweak vertices only, but the bosons
do not scatter. This sub-process cannot be separated in a gauge invariant manner from the VBS com-
ponent. It is therefore included in the signal and cannot be kinematically distinguished from VBS.
Figure 3.6(b) shows examples for non-VBS V V jj-EW diagrams.

The entirety of the purely electroweak VBS and non-VBS diagrams is called electroweak VVjj or
VVjj-EW. Additionally, processes with the same �nal state exist, which can be separated gauge in-
variantly from the VBS component and are therefore considered as background. As a consequence for
the experiment, kinematic selection cuts can be used to suppress the contribution from the following
processes:
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Figure 3.6: Categorization of Feynman diagrams with V V jj �nal state at leading-order.

34



3.2 Monte Carlo simulation for electroweak gauge boson scattering

Tri-Boson or VVV background Tri-boson production via various possible channels, when one
of the bosons is decaying hadronically yielding a V V jj �nal state. This background is purely elec-
troweak, but gauge invariantly separable nevertheless, due to the hadronic decay. The resonant decay
of aW or Z boson in two partons can be suppressed by applying a requirement on the invariant mass
of the partons. Examples for the tri-boson V V jj production are shown in Figure 3.6(c).

VVjj-QCD The V V jj �nal state can also be produced via at least one vertex with strong interaction.
This background is gauge invariantly separable from the VBS component. Its kinematic properties also
di�er from the V V jj-EW production process. Depending on the possible parton combinations for the
V V �avors, this contribution can be smaller or much larger than the V V jj-EW component. Example
Feynman diagrams for the V V jj-QCD process are shown in Figure 3.6(d).

Production of the fermionic final state: Non-resonant contributions

In addition to the processes described above, the purely electroweak production of the `±ν`±νjj �nal
state also contains contributions from non-resonant diagrams. These are diagrams which result in the
same fermionic �nal state, but contains the electroweak bosons only in t-channels. Although there is
no resonant W or Z production in these diagrams, they are not gauge invariantly separable from the
VBS diagrams. Example Feynman diagrams are shown in Figure 3.7.

Figure 3.7: Example diagrams for non-resonant contributions to the fully fermionic �nal state

Further studies on the issue of non-resonant contributions to the `±ν`±νjj �nal state in particular
are described in Section 3.3.3.

Processes involving heavy quarks

The categorization described above can be applied without regard to the parton �avor. Processes
involving top quarks are of interest in their own right, and are therefore often provided in dedicated
separate event samples. Experimentally, a distinction between light quark jets, originating from quarks
of the �avors u, d, s, c, and heavy quark jets, originating from b quarks, can be made to a certain extent
by using b-tagging algorithms. V V jj production with one or two heavy �avor jets in the initial and
�nal state is gauge invariantly separable from the V V jj process of the same electroweak order with
light jets only.
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3.2.2 Generator se�ings for VVjj-EW generation

This section describes the settings for MC simulation of electroweak production of two gauge bosons
and two jets. Two example steering �les implementing these settings for the processes of W±W±jj-
EW and W±Zjj-EW for the Whizard generator are given in Appendix A.

Selection of EW diagrams only Several approaches ensure selection of the V V jj-EW process in
the ME generation:

• Setting the strong coupling constant to αs = 0, such that all diagrams not from V V jj-EW
vanish. This ensures that all V V jj-EW processes are included. No equivalent de�nition for
V V jj-QCD exists. This approach is employed by the Whizard generator.

• Setting the order of QCD and electroweak interactions in the leading-order matrix elements to
O(EW) = 6 for the generation of V V jj-EW. Similarly, V V jj-QCD can be generated by setting
O(EW) = 4 orO(QCD) = 2. This approach can be used in the generators Sherpa andMadGraph.

• For the case of MC generators with built-in libraries for certain processes, the possibility to
generate V V jj-EW or V V jj-QCD depends on the available processes.

Electroweak coupling scheme The parameters of the electroweak theory, the Fermi constantGF ,
the mass of the W boson MW , the mass of the Z boson MZ , the �ne structure constant α, and the
sine of the weak mixing angle sin θW , have been experimentally determined at high to very high
precision (see Table 3.1)

Constant in α(Q2) scheme in GF scheme

Electromagnetic coupling
– at Q2 = 0 α(0) 1/137.03599074(44) ≈ 1/132.2– at Q2 = M2

Z α(M2
Z) 128.944 ± 0.014 [115]

Fermi constant GF 1.1663787(6)·10−5 GeV−2 1.1663787(6)·10−5 GeV−2

Sine-squared of weak
sin2 θW 0.23126(5) 1− M2

W

M2
Z
≈ 0.2226mixing angle

Mass of W boson mW 80.385(15) GeV 80.385(15) GeV
Mass of Z boson mZ 91.1876(21) GeV 91.1876(21) GeV

Table 3.1: Values of the parameters of the electroweak theory, from [116].

In the calculation of VBS processes, these parameters have to be set consistently in order to ensure
gauge invariance and the restoration of unitarity in VBS through cancellation of VBS- and Higgs dia-
grams (cf. Section 2.2.3). Therefore, the electroweak coupling scheme should be chosen in such a way
that tree-level relationships between the parameters are valid. For consistent comparison with data,
it is required to reproduce kinematical properties, usually ensured by using physical boson masses.
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Figure 3.8: Dependence of cross section on the center-of-mass energy (CME) for the W±W±jj-EW process
generated at NLO using VBFNLO [111] in the VBS phase space (p. 95). While the slightly larger phase space
leads to a small cross section rise in the case of the GF scheme (blue), the cross section increases rapidly when
the α(MZ) scheme is used (red).

Therefore, the most common choice of electroweak scheme respecting these requirements, is the so-
called GF (or Gµ) scheme, in which the electromagnetic coupling constant α and the weak mixing
angle θW are determined from experimentally measured values of the vector boson masses MW , MZ ,
and the Fermi constant GF . The vector boson masses are related to the weak mixing angle according
to

sin2 θW = 1− M2
W

M2
Z

.

Thus, the electromagnetic coupling constant α can be derived using

α = M2
Z cos2 θW sin2 θW

√
2GF
π

≈ 1/132.2.

If, instead, all parameters are set to their experimentally measured values, a common choice for α
is to use its value at the Z-mass scale, α(M2

Z) = 1/128.944, for the electroweak coupling. This is
often called the α(M2

Z) scheme. Another approach uses the measured value for α at the Q2 = 0

scale, α(0) ≈ 1/137, called the α(0) scheme [117, Sec. 2.1]. Figure 3.8 shows the increase of the
W±W±jj-EW cross section when the GF scheme is not used.

Moreover, the GF scheme has been found to minimize EW higher-order corrections, e.g. for the
process of W boson production [117]. If not noted otherwise, the GF scheme is used for V V jj-EW
production throughout this work.
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Particle masses and widths Particle masses of the electroweak gauge bosons, Higgs boson, charged
leptons and quarks have to be set for the generation. In most applications, the values collected by the
Particle Data Group [116] can be used. Light quark, electron and muon masses can be set to zero,
while the τ mass should be set to its physical value in order for the decay to be correctly modelled.

After the 2012 discovery, the Higgs mass is commonly set to mH = 125 or 126 GeV. Correspond-
ingly, the width of the Higgs boson is set to ΓH = 4.07 MeV, determined according to the SM for
mH = 125 GeV [118].

Parton distribution functions A variety of parton distribution functions exists. Each choice in-
troduces an experimental uncertainty which can be evaluated according to the prescription in Sec-
tion 5.3.2.

Factorization and renormalization scales As introduced in Section 3.1.2, two unphysical scales
need to be de�ned in the MC production: the factorization and renormalization scales. The choice of
factorization and renormalization scales is highly process dependent and is aimed at �nding a scale
which has small impact on crucial di�erential cross sections as well as on the total cross section, in
order for the measurement to have a scale uncertainty as small as possible. In general, a scale close
to a characteristic energy scale of the event should be chosen. Several di�erent ansätze exist: The
scales can be set to �xed values or, as a dynamic scale, determined for each event from its kinematic
properties according to a chosen prescription. In the case of VBS, natural choices for the scales can be
chosen as

• the invariant mass of the V V system, M(V V ), as determined from the bosons’ decay products

• the momentum transfer of the exchanged gauge boson,

• a combination of the kinematic properties of jets ji and weak gauge bosons Vi, such as ([119])

µR,F =
1

2

∑
i=1,2

pT(ji) +
√
M2(Vi) + p2

T(Vi)

 (3.4)

or ([120])

µR,F =
1

2

∑
i=1,2

pT(ji) exp |y(ji)− y12|+
√
p2

T(Vi) +M2(Vi)

 (3.5)

with y1,2 = (y(j1) +y(j2))/2, where y(ji) denotes the rapidity of jet i and pT(ji) its transverse
momentum. The invariant mass of the weak boson k is M(Vk) and its transverse momentum is
pT(Vk).

The latter choice of scale (3.5) has been recently shown to lead to a k-factor less dependent on the
invariant mass Mjj and on the rapidity di�erence ∆y(jj) of the tagging jets [120]. The scale uncer-
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tainties for the W±W±jj-EW production are evaluated in Section 5.3.2, where Equation 3.4 is used
for the central value.

In the case of using an e�ective �eld theory with anomalous couplings (see Section 2.3.3), the choice
of scale needs to be adapted to the conditions of the anomalous couplings. In the case of anomalous
triple gauge couplings, a �xed scale can lead to unphysical results when using an e�ective theory.
This behavior has been shown to be cured by using a dynamic scale [121]. For the anomalous quartic
gauge couplings in theW±W±jj-EW channel considered in this work, a scale dependence study was
conducted, see section 5.5.4.

3.2.3 Interference between purely electroweak and QCD-mediated di-boson plus

di-jet production

Interference can occur between diagrams from the purely electroweak V V jj production and diagrams
from QCD-mediated V V jj production with the same initial and �nal states. The phase space integral
over the full matrix element of V V jj production,MEWQCD , contains the sum of the matrix elements
of V V jj-EW (MEW) and V V jj-QCD (MQCD), including interference termsMINT,

∫
dΦ|MEWQCD|2 =

∫
dΦ|MEW +MQCD|2

=

∫
dΦ
[
Re2(MEW) + Im2MEW + Re2(MQCD) + Im2MQCD

]
+

∫
dΦ [2(Re(MEW) Re(MQCD) + Im(MEW) Im(MQCD))]

=

∫
dΦ
[
|MEW|2 + |MQCD|2 + |MINT|2

]
. (3.6)

As the total cross section σEWQCD ∼
∫

dΦ|MEWQCD|2, these terms can be identi�ed as

σEWQCD = σEW + σQCD + σINT, (3.7)

where the interference term

σINT ∼
∫

dΦ [Re(MEW) Re(MQCD) + Im(MEW) Im(MQCD)] (3.8)

contains the phase space integral over products of the electroweak and the QCD-mediated V V jj
production matrix elements. Since the major contributions ofMEW andMQCD are expected to occur
in di�erent regions of phase space, interference is generally expected to be small compared to the total
cross section σEWQCD.

The size of σINT depends on the diboson �avors and the phase space de�nition. It is expected to
be small especially in channels which contain gluons in the initial states of V V jj-QCD production.
In W±W±jj-QCD production, no diagrams with gluons in the initial state are possible. Therefore,
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interference is relatively large inW±W±jj production (see Section 3.3.4) compared to other channels.
Table 3.2 shows how the interference contribution di�ers between the di�erent channels of �avor

combinations of the electroweak bosons. The largest share of the interference with respect to the total
cross section is present in the W±W±jj channel, where σINT/σEWQCD = 7 %. In the W±W∓jj
and W±Zjj production channels, the interference contributes less than 1 % to the total cross section
σEWQCD, while it contributes σINT/σEWQCD ≈ 2 % in ZZjj.

However, interference contributions are not negligible with respect to the electroweak production
mechanism in this rather loose VBS-like phase space with Mqq > 150 GeV (Table 3.2): Compared to
the purely electroweak production cross sections, the interference amounts to 15 % forW±W±jj, 5 %
for W±W∓jj, 15 % for W±Zjj, and 21 % for ZZjj. Stricter selection of a VBS topology can reduce
this contribution as the contribution of VVjj-QCD decreases (cf. Sec. 3.3.4).

3.2.4 Various channels of gauge boson flavors

The general settings for V V jj production can be applied to any con�guration of gauge boson �avors
with leptonic decay. Possible processes and their cross sections at 8 TeV center-of-mass energy, as well
as the interference contribution between σ(V V jj−EW) and σ(V V jj−QCD) are listed in Table 3.2.

Final state σ(EW) [fb] σ(QCD) [fb] σ(EWQCD) [fb] σ(INT) [fb] σ(V V jj−EW)
σ(V V jj−QCD)

W±W±jj 83.4 ± 0.2 84.7 ± 0.2 180.4 ± 0.4 12.3 ± 0.5 0.98 ± 0.005
W±W∓jj 394.4 ± 0.9 6572.0 ± 6.1 6985.0 ± 6.5 18.6 ± 8.9 0.06 ± 2× 10−4

W±Zjj 124.0 ± 0.4 2183.0 ± 2.2 2325.0 ± 2.3 18.0 ± 3.1 0.06 ± 2× 10−4

ZZjj 31.0 ± 0.1 327.5 ± 0.3 365.3 ± 0.4 6.8 ± 0.5 0.01 ± 4× 10−4

Table 3.2: Cross sections determined with the MadGraph generator for electroweak and QCD-mediated pro-
duction of V V jj �nal states of di�erent V V combinations at a center-of-mass energy of

√
s = 8 TeV generated

with aMjj > 150 GeV cut. The cross sections are given for the full V V jj �nal state not taking into account the
decay modes of the bosons. Heavy �avor contributions (b quarks in the initial and �nal states) are not included.

The W±W±jj channel has the highest ratio of the purely electroweak to QCD-mediated produc-
tion. Interference contributes signi�cantly to the full process. The W±W±jj channel is di�erent to
the other channels in that no diagrams with gluons in the initial state exist for the QCD-mediated
production. This is the reason for both the relatively low V V jj-QCD cross section and also the com-
paratively large interference. Owing to its good σ(V V jj-EW)/σ(V V jj-QCD) ratio, this channel is
the �rst one to be observed signi�cantly at the atlas and CMS experiments ([56, 122]).

TheW±W∓jj �nal state cross sections in Table 3.2 do not include b-quarks in the initial state, thus
tt̄ pair production and single-top production with associated W bosons is not included. The large
background from tt̄ is the main reason that W±W∓jj-EW has not been measured at the LHC.

TheW±Zjj �nal state features a similarly small σ(V V jj-EW)/σ(V V jj-QCD) ratio. In this case,
heavy �avors contribute both to the electroweak as well as to the QCD-mediated production channels.
The W±Zjj-EW process has not been signi�cantly observed at the LHC, but its measurement and

40



3.2 Monte Carlo simulation for electroweak gauge boson scattering

limits on anomalous couplings are in preparation at atlas in the fully leptonic channel [123].
Electroweak production ofZZjj has a very low cross section and itsσ(V V jj-EW)/σ(V V jj-QCD)

ratio is smaller than that of the other channels. Therefore, despite its low background at the LHC, no
measurement of ZZjj-EW exists up to now.

3.2.5 Definition of generation phase space for vector boson sca�ering

Topology of VBS events

The topology of VBS events determines the de�nition of the generation phase space for V V jj produc-
tion samples. Figure 3.9 shows a topological sketch of a typical VBS-like event. It contains two highly
energetic jets, the so-called tagging jets, and the decay products of the gauge bosons. This sketch
depicts production of two W bosons which decay leptonically, resulting in two charged leptons and
missing transverse momentum Emiss

T .

`1

j1

j2

MET

`2

Figure 3.9: Topology of a typical vector boson scattering event with twoW bosons in the �nal state. The tagging
jets j1 and j2 are produced at large |η| and large di�erence in η. The charged leptons from the decay of the W
bosons can be found more centrally in the detector. The neutrinos are invisible but their combined transverse
momentum can be determined as missing transverse energy in the event.

The decay products of the bosons tend to be central, while the jets are largely separated in pseudo-
rapidity. Due to the lack of color �ow in the central region in purely electroweak V V jj production,
little hadronic activity is expected in the region between the tagging jets. Thus, kinematic cuts aimed
at tagging the VBS process include cuts on the invariant mass of tagging jets, their distance in pseu-
dorapidity, as well as requiring the leptonic decay products of the gauge bosons to be found at smaller
pseudorapidity than the tagging jets. Kinematic distributions illustrating the VBS topology for the
W±W±jj channel are shown in Section 3.3.1.

When de�ning the generation phase space for V V jj-EW events, this topology needs to be taken
into account. Singularities in the matrix element should be excluded by omitting the corresponding
phase space region. At the same time, the generation phase space is required to be su�ciently inclusive
to contain all signal contributions as well as contributions possibly migrating into the signal region
during the parton shower or during the full simulation stage.
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3 Monte Carlo generation and electroweak gauge boson scattering

Tagging jets separation

The tagging jets tend to be produced rather forward in the detector and with large momentum (cf. Fig-
ure 3.12a and 3.12b). Thus, their invariant mass and pseudorapidity di�erence are two crucial variables
for tagging a VBS process.

For matrix-element event generation, the jets are de�ned as partons required to have a certain mo-
mentum and ∆R(jj) distance in order to omit singularities. Taking advantage of the tagging jet
properties, it is also possible to apply a cut on Mjj during the generation. However, this cut needs to
be inclusive enough to provide for migration e�ects from parton shower (cf. Page 55).

Dilepton kinematics

Divergences of the matrix element are unphysical and need to be rejected by removing the corre-
sponding phase space from the generation phase space. To this e�ect, cuts on the transverse momenta
of leptons and jets are applied at parton level. Also, divergences in dilepton observables such as the
invariant mass of two opposite-charge leptons need to be removed. In the context of VBS channels,
the �nal states of W±W∓jj, ZZjj, and WZjj are a�ected. Divergencies occur e.g. in diagrams
such as depicted in Figure 3.10, where a photon decays into two opposite-charge leptons. A cut on the
invariant mass of the two leptons, M``, should hence be applied.

W
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Z

q
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`

ν

ν

q

W

W

Z

W

γ

ν

ν

`

`

q

q

Figure 3.10: Feynman diagrams included in electroweak `+`−ννjj production which lead to a divergence in the
low dilepton mass spectrum. Similar diagrams occur in the ```νjj �nal state.

In addition to physical divergences, it is necessary to optimize the cuts and the number of sampling
points in order to avoid integrator di�culties with large logarithmic terms in the neighborhood of
such divergences [124].

3.2.6 Higher order corrections in Monte Carlo simulation for vector boson

sca�ering

All previous considerations on MC generation for VBS processes can be extended to include higher
order corrections in the matrix-element calculation of the VBS process, both from QCD and from elec-
troweak interactions. Calculations at NLO in QCD are available forW±W±jj-QCD production [125]
and forW±W±jj-EW production [120, 126, 127]. The NLO corrections have an e�ect of up to∼ 10 %

with respect to the LO result [127].
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3.2 Monte Carlo simulation for electroweak gauge boson scattering

In terms of MC programs, QCD corrections at NLO are implemented for several channels of V V jj-
EW and V V jj-QCD in the generators VBFNLO [111] and PowhegBox [112] (cf. Section 3.2.7).
Special care has to be taken to match the resulting NLO matrix element to the parton shower (cf.
Section 3.1.4).

Electroweak higher order corrections have not been calculated in any channel of diboson produc-
tion associated with dijets so far. Some calculations exist in diboson production without associated
jets [128, 129], and e�orts to extend this to V V jj production are under way [130]. Calculations using
a logarithmic high-energy approximation as well as the equivalent vector-boson approximation for
VBS at an electron-positron collider predict an e�ect of −10 % to −50 % with respect to the leading-
order cross section [131].

3.2.7 Monte Carlo Generators for vector boson sca�ering

Various generators are available for the simulation of V V jj-EW processes. General-purpose event
generators like Sherpa [102] and Whizard [107], capable of generating 2 → 6 particle matrix-
elements, allow to automatically simulate V V jj processes. Other generators contain dedicated imple-
mentations of these processes, such as Pythia8 [103, 104], VBFNLO [111], and PowhegBox [112].
The following paragraph introduces the most relevant generators used for MC generation of VBS pro-
cesses in this work.

Whizard

Whizard [132] is a general-purpose leading-order event generator applicable to physics processes
at the LHC and at all other high-energy particle physics experiments, in particular the future ILC.
Its matrix-element generator O’Mega automatically produces matrix-element code for the desired
process with up to eight �nal state particles. The integration over phase space is carried out by
the VAMP [133] algorithm. Based on the integration, partonic events can be generated, and a par-
ton shower algorithm can be applied using external tools (e.g. Pythia8) or a built-in analytic parton
shower [134].
Whizard is particularly interesting for VBS as it provides an implementation of additional reso-

nances and anomalous gauge couplings with K-matrix unitarization as described in chapter 3.4 [73].

VBFNLO and PowhegBox

Several vector boson scattering and fusion channels are implemented in the VBFNLO andPowhegBox
programs. The implemented matrix-elements are computed at NLO in QCD and can be integrated over
the desired phase space to determine the respective cross sections.

VBFNLO can generate events based on the leading-order processes. PowhegBox is an implemen-
tation of the POWHEG method [135] allowing to apply a parton shower to NLO events and taking
care of the matrix-element to parton shower matching.
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3 Monte Carlo generation and electroweak gauge boson scattering

Sherpa

The general-purpose MC generator Sherpa provides leading-order matrix-element integration and
event generation for general processes at high-energy colliders. It provides two built-in matrix-element
generators for the matrix-element generation, as well as a phase space integrator to compute cross sec-
tions and generate unweighted events. Furthermore, modules for parton showering, multi-parton in-
teractions, and the matching of parton shower and matrix-element are available. The latter allows for
the generation of a matrix-element of the leading-order process with an additional multiplicity of real
emissions, which are matched consistently to the matrix-element based on the CKKW method [99].
In general, this approach improves the description of data [136]. In VBS it is intended for the more
accurate description of the hadronic activity between the tagging jets.

Pythia

In the scope of this work, the event generator Pythia8 is used primarily for its parton shower al-
gorithm applied to parton-level events produced by other generators. However, it is also possible to
generate VBS processes within Pythia [20]. In that case, the pp → ``νν process is factorized in
the emission of W bosons, their scattering, and their consequent decay into leptons. To this e�ect,
the e�ective W boson approximation (EWA) [53] is used. At current experiments and with currently
available MC tools, the EWA approach is less favored, as it does not reproduce the results of the full
integration [73].

3.3 Sca�ering of two same-charge W bosons

As concluded in the previous section, the W±W±jj �nal state is particularly suited for the �rst mea-
surement of a V V jj-EW process, as its ratio of electroweak to QCD-mediated V V jj production is
the highest of all channels (cf. Table 3.2). Several aspects relevant to MC simulation of the W±W±jj
channel have been studied in the scope of this work and are described in this section.

3.3.1 Comparison ofW±W±jj-EW andW±W±jj-QCD

Vector boson scattering is a subprocess of electroweak V V jj production which is not separable in
a gauge invariant way (see Section 3.2.1). A VBS-like phase space in W±W±jj includes cuts which
enhance the contribution fromW±W±jj-EW while suppressing the QCD-mediated component. Op-
timal cuts can be identi�ed from kinematic distributions such as those shown in this section.

Figures 3.11a to 3.16b show kinematic distributions of theW±W±jj-EW andW±W±jj-QCD pro-
cesses in a rather loose phase space, corresponding to the extended �ducial volume of the W±W±jj
measurement de�ned on Page 95.

The two hardest, i.e. the jets with highest transverse momentum in the event, passing the selection
are considered as tagging jets used to tag the VBS process. In the case of electroweak V V jj production,
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Figure 3.11: Kinematic distributions of the pp → W±W±jj channel comparing the electroweak and QCD-
mediated production mechanisms. The red and the blue histograms show the contributions of W±W±jj-EW
and W±W±jj-QCD, respectively. Statistical uncertainties from MC generation are indicated by error bars.
Both histograms are normalized to the same cross section.

the tagging jets are found at larger values of pseudorapidity than in the case of W±W±jj-QCD (see
Figure 3.11a). Their transverse momentum pT is slightly smaller than the pT of the two hardest jet
in W±W±jj-QCD production (see Figure 3.11b). This indicates that the highest pT might not be the
best criterion for the selection of the tagging jets. However, experimentally, a high pT is required in
order to avoid contamination from pile-up jets.

The dijet properties, however, are very good indicators for tagging the VBS process: The rapidity
separation (�gure 3.12a) as well as the invariant mass of the tagging jets (�gure 3.12b) tend to larger
values for the W±W±jj-EW process than in the W±W±jj-QCD process.
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(a) Separation of rapidity |∆y(jj)| of the
tagging jets.
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(b) Invariant mass of the tagging jets, Mjj .

Figure 3.12: Kinematic distributions of the pp → W±W±jj channel comparing the electroweak and QCD-
mediated production mechanisms. The red and the blue histograms show the contributions of W±W±jj-EW
and W±W±jj-QCD, respectively. Statistical uncertainties from MC generation are indicated by error bars.
Both histograms are normalized to the same cross section.
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Comparing the η coordinate of the tagging jet with the largest |η| (Figure 3.13a) to the η coordi-
nate of the tagging jet with the smaller |η| (Figure 3.13b), one of the jets tends to be produced rather
centrally, while the other one moves in forward direction. This is valid for both W±W±jj-EW and
W±W±jj-QCD events. However, in the electroweak production, the absolute pseudorapidity of both
jets is larger than in W±W±jj-QCD. The jet with higher |η| is produced much more forward in
W±W±jj-EW events.
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Figure 3.13: Kinematic distributions of tagging jets in the pp → W±W±jj channel comparing the elec-
troweak and QCD-mediated production mechanisms. The red and the blue histograms show the contributions
of W±W±jj-EW and W±W±jj-QCD, respectively. Loose VBS like cuts (3.11), including Mjj > 150 GeV, are
applied. Both histograms are normalized to the same cross section. Statistical uncertainties from MC generation
are indicated by error bars.

Another measure for the tagging jet separation is the product of their η coordinates (Figure 3.14).
This variable is widely used in VBS studies to separate from V V jj-QCD background [55]. As Figure
3.14 shows, the pseudorapidity product is rather symmetric for V V jj-QCD, while there is a strong
preference for the tagging jets to lie on opposite hemispheres, i.e. η(j1)× η(j2) < 0, for V V jj-EW.

The W bosons tend to scatter at small pseudorapidities in the collision. Thus, their visible de-
cay products, the charged leptons, are found at smaller values of pseudorapidity than the leptons in
W±W±jj-QCD events (Figure 3.15a). The neutrinos from theW decay can only be partially observed
as missing momentum in the transverse plane. TheEmiss

T distribution fromW±W±jj-EW events (Fig-
ure 3.15b) tends to slightly larger values than the one from W±W±jj-QCD events.

The transverse momenta of leptons from W±W±jj-EW events are slightly larger than those of
leptons fromW±W±jj-QCD production (�g. 3.16a), while the dilepton invariant massM`` is smaller
in the case of W±W±jj-EW (�g. 3.16b), indicating that both W bosons decay in the center of the
detector.
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Figure 3.14: Product of pseudorapidity coordinates of the two tagging jets in the pp → W±W±jj channel
comparing the electroweak and QCD-mediated production mechanisms. The red and the blue histograms show
the contributions of W±W±jj-EW and W±W±jj-QCD, respectively. Loose VBS like cuts (3.11), including
Mjj > 150 GeV, are applied. Both histograms are normalized to the same cross section. Statistical uncertainties
from MC generation are indicated by error bars.
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Figure 3.15: Kinematic distributions of leptonic decay products of the W bosons in the pp→ W±W±jj chan-
nel comparing the electroweak and QCD-mediated production mechanisms. The red and the blue histograms
show the contributions of W±W±jj-EW and W±W±jj-QCD, respectively. Statistical uncertainties from MC
generation are indicated by error bars. Both histograms are normalized to the same cross section.
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Figure 3.16: Kinematic distributions of leptonic decay products of the W bosons in the pp→ W±W±jj chan-
nel comparing the electroweak and QCD-mediated production mechanisms. The red and the blue histograms
show the contributions of W±W±jj-EW and W±W±jj-QCD, respectively. Statistical uncertainties from MC
generation are indicated by error bars. Both histograms are normalized to the same cross section.

3.3.2 VBS topology inW±W±jj

Taking into account the observations from the comparison between W±W±jj-EW and W±W±jj-
QCD as well as the considerations for generation of VBS in general (Section 3.2.2), the phase space
and parameters for the conducted generator studies are de�ned as follows.

The process is set up as pp → `±`±ννjj with αs = 0 for the electroweak production. All quark
�avors are allowed in the initial and �nal states. No diagrams with gluons exist.

The full sample phase space is constrained by the following cuts:

Leptons : pT > 8 GeV, |η| < 5;

Jets : pT > 15 GeV, |η| < 5;

and ∆R(jj) > 0.4. (3.9)

In the VBS-like phase space, events are selected according to

Jets : pT > 30 GeV, |η| < 4.9;

Leptons : pT > 25 GeV, |η| < 2.5;

Emiss
T > 40 GeV;

Mjj > 500 GeV, and |η(jj)| > 2.4. (3.10)

The factorization and renormalization scales are set to the same value of µR = µR = 2mW . The
PDF setCTEQ6L1, a general purpose PDF based on leading-order cross section �ts and NLOαs [137],
is used.
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3.3.3 Resonant and non-resonant contributions to the final state `±ν`±νjj

In addition to the production of two jets with two leptonically decaying resonant W bosons, the �nal
state of `±ν`±νjj includes contributions from non-resonant production of leptons and neutrinos, for
instance as in �g. 3.7. As the non-resonant contributions are not gauge invariantly separable from the
V V jj-EW diagrams, they need to be included in the MC generation. In most generators, it is also
possible to generate the process with resonant production of two W bosons separately.

Using Whizard, the two cases are compared in the following. In the restricted case, the process is
speci�ed as purely electroweak pp → jjW±W± → jj`±`±νν. The inclusive process contains all
diagrams contributing to purely electroweak pp → jj`±`±νν. The cross sections of the full samples
are compared in Table 3.3. Selection cuts are applied according to (3.9) and (3.10).

Inclusive diagrams: Restricted diagrams:
pp→ jj`±`±νν (EW) pp→ jjW±W± → jj`±`±νν (EW)

Full sample 7.20 fb 8.19 fb
VBS cuts 0.25 fb 0.53 fb

Table 3.3: Comparison of inclusive and restricted cross sections

The cross section of the restricted process is higher than the one of the inclusive process owing
to missing negative terms which lead to higher momenta of jets and leptons. This is illustrated in
�g. 3.17a and 3.17b. Higher lepton and jet momenta also lead to a larger acceptance to the VBS region
(Table 3.3).
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Figure 3.17: Di�erential cross sections distributed according to the transverse momentum of the hardest lepton
(left) and hardest jet (right) comparing the inclusive production process pp→ jj`±`±νν to the resonant diboson
pair production (pp→ jjW±W± → jj`±`±νν).
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The contribution in the Breit-Wigner peak region at the W boson mass is larger for the restricted
production of resonant W±W±jj (�g. 3.18a). Restricting the generation to resonant W bosons also
has an in�uence on event properties used to tag the VBS topology, such as the pseudorapidity di�erence
of the tagging jets as illustrated in Figure 3.18b.
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Figure 3.18: Di�erential cross sections comparing the inclusive production process pp → jj`±`±νν to the
resonant diboson pair production (pp→ jjW±W± → jj`±`±νν).

3.3.4 Interference of electroweak and QCD-mediated production

As described in Section 3.2.3, the interference between the V V jj-EW and V V jj-QCD channels is
most relevant for the W±W±jj process. Reasons are the lack of diagrams with gluons in the initial
state at leading-order as well as the fact that only left-chiral quarks contribute to both V V jj-EW and
V V jj-QCD [120].

It has been shown in [120] and [138] that the contribution of the interference decreases with respect
to the V V jj contribution when stricter VBS phase space cuts are applied, such as a cut on Mjj .

3.3.5 Higgs mass dependence

In an inclusive phase space with no strict VBS cuts applied, the V V jj-EW cross section shows a
dependence on the mass of the Higgs boson. Diagrams with a s-channel Higgs exchange exist in the
case of triple vector-boson production, which contributes to the V V jj-EW process. One example
diagram with resonant Higgs-strahlung, where the Higgs decays to a W boson pair, is depicted in
Figure 3.19a.

The inclusive cross section of V V jj-EW production thus depends on the mass and width of the
Higgs boson. This is illustrated in Figure 3.19b. The contribution from diagrams with resonant Higgs-
exchange can be suppressed with a phase space cut on the invariant mass of the tagging jets Mjj ,
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Figure 3.19: Higgs mass dependence of electroweak production of W±W±jj.

as resonant Higgs-strahlung only occurs in the VVV production. Figure 3.19b compares the cross
sections of inclusive V V jj-EW production to those of V V jj-EW production with a Mqq > 150 GeV
cut applied on the outgoing quarks. Values of the Higgs mass mH are varied and the correct width
ΓH(mH) is chosen according to the SM (provided by [118]).

As the H → WW channel opens around the value of 2mW , the cross section of the inclusive
production rises. In the case of an Mqq > 150 GeV cut applied on the matrix-element, the dependence
on the Higgs mass is completely removed.

3.3.6 Generator validation

In the scope of this study, an extensive generator validation was performed with the aim of validating
the Sherpa and Whizard generators for the measurement of theW±W±jj �nal state. With the same
parameters and VBS compatible settings, the two generators should yield the same results. Potential
di�erences and pitfalls for the generation of W±W±jj-EW production with Whizard and Sherpa
are explored in the following. The speci�c settings are generator-code dependent; the general ideas
however can be applied to any used program.

Phase space setup

When using a general-purpose MC generator, the automatically generated matrix-element code con-
tains all possible diagrams for the given process. However, it is still necessary to take care that the
integration phase space is correctly set up for the case of VBS processes. This is particularly important
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3 Monte Carlo generation and electroweak gauge boson scattering

since V V jj production contributes in a broad range of regions in a high-dimensional phase space.
With six fermions in the �nal state and various intermediate resonances, the settings for phase space
and integration need to be optimized carefully, such that no contributions are neglected in the integra-
tion. Special care has to be taken if potentially o�-shell intermediate particles are present. In the case
of V V jj-EW, diagrams with o�-shell W bosons contribute to the full process. Therefore, the phase
space sampling setup has to take special care of regions with o�-shell vector bosons. Furthermore, the
sampling density of points in the phase space needs to be su�ciently high such that no contributions
are missed or insu�ciently sampled.

With the Whizard generator, taking into account non-resonant regions in the phase space is en-
sured with the option ?phs_keep_nonresonant = true (cf. Appendix A). Table 3.4 compares the
total cross sections generated with a dense phase space sampling allowing o�-shell resonances (in-
clusive phase space) to those generated ignoring those phase space regions. In the same table, cross
sections for the inclusive phase space with a coarser sampling are given.

Inclusive diagrams

?phs_keep_nonresonant true false true

sampling dense dense coarse
iterations 15× 200000 15× 200000 10× 100000

Full sample 7.20 fb 5.29 fb 5.85 fb
VBS cuts 0.25 fb 0.85 fb 0.71 fb

Table 3.4: Comparison of integrated cross sections with di�erent phase space setup. The number of grid sampling
points in the phase space is given. All diagrams of the process pp → jj`±`±νν (EW) are taken into account.
MC-statistical errors are below 3 %.

In the case of dense phase space sampling, 2×105 calls to the matrix element function are issued in
each of 15 iterations (in Whizard: {iterations= 15:200000, 15:200000}). However, in the example
with coarse sampling of the phase space, the number of calls is reduced to 1×105 and the number of
iterations is reduced to 10 (in Whizard: {iterations= 10:100000, 10:100000}). Events are selected
according to (3.9) and (3.10).

Cross sections in the full sample phase space are smaller than in the case of non-optimal phase space
setups. Furthermore, the coarser sampling or the neglect of non-resonant contributions in the phase
space leads to enhanced di�erential cross sections in some kinematic regions particularly sensitive to
VBS. This leads to higher cross sections after VBS selection.

The invariant mass distribution of all possible lepton-neutrino pairs (Figure 3.20a) di�ers between
the case of inclusive phase space and the cases of constrained phase space or reduced sampling den-
sity both in the low and in the high mass regions. While the coarse sampling misses part of the
contributions below the W mass, the phase space neglecting non-resonant contributions misses all
but the Breit-Wigner shape of the W boson. In the high-mass region, both cases show an enhanced
cross section compared to the nominal case of inclusive, �nely sampled phase space integration. The
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Figure 3.20: Di�erential cross sections comparing the electroweak production of pp → jj`±`±νν with an in-
clusive phase space (PS inclusive) to the same process integrated over a phase space ignoring non-resonant
contributions.
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Figure 3.21: Di�erential cross sections comparing the electroweak production of pp→ jj`±`±νν generated in
an inclusive phase space (PS inclusive) to the same process integrated over a phase space ignoring non-resonant
contributions.
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transverse momentum of the �rst lepton is modeled to be too large in both non-optimal phase spaces
(Figure 3.20b).

The pseudorapidity of the hardest jet contains a central contribution which is partly missed by
the two non-optimal phase space setups (Figure 3.21a). In the pseudorapidity di�erence distribution
(Figure 3.21b) this appears as an enhancement at large ∆η(jj) which mimicks VBS-like topology.
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Figure 3.22: Di�erential cross sections comparing the electroweak production of pp→ jj`±`±νν generated in
an inclusive phase space (PS inclusive) to the same process integrated over a phase space ignoring non-resonant
contributions. The distributions are shown after the application of kinematic cuts for VBS selection (eq. 3.10).

After the application of VBS kinematic cuts (3.10), the shapes of the distributions assimilate. Fig-
ures 3.22a and 3.22b show the M(`ν) and the ∆η(jj) distributions after VBS cuts. Their ratios are
essentially �at, which means that the shape di�erence is reduced after VBS cuts. It is thus crucial to
examine and optimize the phase space setup according to the desired precision in the relevant phase
space volume.

Similarities can be observed to the restricted process to resonantWW production (cf. Section 3.3.3).
However, in the case of restricting the process to pp → jjW±W± → jj`±`±νν, the diagrams are
ignored in the matrix-element calculation, while the constrained phase space comes into play during
the integration.
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3.3 Scattering of two same-charge W bosons

Restricting the generation phase space

A large dijet invariant mass is the dominant feature of the tagging jets in VBS-like events. In addition,
contributions from V V V diagrams (cf. Section 3.2.1) are suppressed by applying a kinematic cut on
Mjj on reconstruction level. Therefore, it can be useful to apply such a cut on the matrix element
generation in order to save CPU time for the integration and event generation.

However, if a parton shower is applied, the e�ect of a low Mjj cut, e.g. Mjj > 150 GeV, can be
visible beyond this value of Mjj after parton shower and on reconstruction level. When applying a
Mjj selection on parton level, it is therefore necessary to check the impact of this cut after parton
shower.

The e�ect of a cut on the matrix-element level Mjj on the dijet kinematics at reconstruction level
has been checked for the case of W±W±jj-EW production. Figure 3.23 shows the invariant mass of
the two highest pT jets in two W±W±jj-EW samples, one generated with Whizard with a cut on
Mjj > 150 GeV, and one generated with Sherpa with no such criterion.
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Figure 3.23: Comparison of a Whizard sample with Mqq > 150 GeV cut on parton level, to a Sherpa sample
with no Mqq criterion on parton level. The histogram curves are normalized to the same area. The bottom plot
shows the ratio between the blue histogram, where no parton level Mqq cut is applied, and the red histogram,
using the sample with Mqq > 150 GeV cut on parton level.

Figure 3.23(a) shows the invariant mass of the resulting jets after the selection of events with at
least two jets and no further requirement, following the selection steps from Section 5.1.3. It shows a
large discrepancy between the two samples in the low Mjj region, resulting from the partonic Mqq

cut. When selecting events with Mjj > 150 GeV on reconstruction level, this di�erence is reduced.
However, due to the discrepancy between matrix-element quarks and �nal state jets, the di�erence is
not fully removed, as illustrated in the �rst bins of Figure 3.23(b).
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Agreement between generators

In conclusion, phase space and integration settings need to be optimized for good modelling of VBS
processes. If all settings are consistent, di�erent generators yield consistent total and di�erential cross
sections.

In the following, four generators capable of producing V V jj �nal states are compared with re-
spect to W±W±jj-EW production: The three general-purpose generators MadGraph, Whizard,
and Sherpa, as well as the VBS specialized program VBFNLO. The resulting parton-level events
generated at leading-order are compared in a loose VBS-like phase space according to the following
selection criteria:
(3.11):

Jets : pT > 30 GeV, |η| < 4.9;

Leptons : pT > 25 GeV, |η| < 2.5;

Emiss
T > 40 GeV, and Mjj > 150 GeV. (3.11)

A cut of Mjj > 150 GeV is suitable for control regions more inclusive than a strict VBS selection,
while removing the e�ect of V V V diagrams (cf. Section 3.2.1) which are not counted towards the VBS
signal. SinceVBFNLO’s implementation of theW±W±jj-EW process does not take V V V diagrams
into account, this cut is necessary for comparability with VBFNLO events.

Figures 3.24a, 3.24b, 3.25a, and 3.25b illustrate the good agreement between the event samples pro-
duced with the four di�erent generators. The histograms are scaled to the same cross section in the
VBS phase space. The event samples show good agreement within statistical uncertainties in each of
the observables.
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Figure 3.24: Di�erential cross sections comparing the electroweak production of pp→ jj`±`±νν with di�erent
generators in a loose VBS-like phase space (3.11).
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Figure 3.25: Di�erential cross sections comparing the electroweak production of pp→ jj`±`±νν with di�erent
generators in a loose VBS-like phase space (3.11).
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3.4 Simulating new physics in Vector Boson Sca�ering

The e�ective �eld theory approach for modelling the low-energy e�ects of new physics in VBS is
detailed in Section 2.3. Methods and tools to generate events containing such new physics models are
described in this section.

3.4.1 Modelling new physics via e�ective field theories

Anomalous quartic gauge couplings, as introduced in Section 2.3.3, model the e�ect of new
physics at higher energies in the electroweak sector which has an in�uence on quartic gauge inter-
actions. In order to measure the value of an anomalous coupling constant, it is essential to simulate
events including e�ects of non-SM anomalous couplings in the �nal state to be measured. Events can
be generated using an implementation of such a model in a MC generator.

Various generators provide implementations of aQGC models. Implementations of anomalous cou-
plings α4, α5 from non-linear EWSB exist e.g. in Pythia6 [104, Sec. 8.5.2], Whizard [73], and
Sherpa [102, Sec. 3.2.3]. The operators from the linear EWSB approach (fS,0, fS,1) are implemented
e.g. in the generators VBFNLO [139] and MadGraph [140].

Additional resonances can be introduced in the frame of e�ective �eld theories as described in
Section 2.3.4. Implementations of this model can be exploited in searches for new physics [141]. It is
available in the Whizard generator [73].

3.4.2 MC generation with e�ective field theory content

When generating events with aQGC or additional resonances, the following aspects need to be taken
into account:

• Non-SM aQGCs and additional resonances enhance the amplitude in a region in phase space
which is usually suppressed by the PDF. It might therefore be necessary to increase the sampling
density or adjust the phase space setup.

• Due to the possible violation of unitarity in VBS with additional EFT operators, event samples
need to be unitarized in order to ensure that only physically sensible events are generated.

Unitarization

As motivated in Section 2.3.6, the amplitude of a scattering process with an EFT operator needs to be
unitarized by a procedure ensuring that the cross section stays below the cross section at the unitar-
ity bound σscat ≤ σUB . This is especially important for quartic interaction operators which violate
unitarity in the LHC energy range. The most common approaches are dipole form factors and the
K-matrix unitarization method.
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K-Matrix unitarization The K-matrix unitarization procedure, originally proposed in [78], has
been broadly employed in the context of nuclear interactions such as ππ scattering [142]. It is also
well suited for VBS in the framework of the e�ective chiral Langrangian. An implementation exists
in Whizard [73] for the unitarization of aQGC and additional resonances in VBS.

In order to ful�ll elastic unitarity, the normalized eigenamplitudes a(s) need to obey the optical
theorem, expressed by the Argand-circle condition (cf. Section 2.3.6)

|a(s)− i/2| = 1/2. (3.12)

Real amplitudes a(s) as calculated at tree-level are projected on the Argand circle by the transformation

â(s) =
a(s)

1− ia(s)
. (3.13)

This is the so-called K-matrix unitarization scheme illustrated in Figure 3.26.

i
2 aK(s)

a(s)

Figure 3.26: K-Matrix unitarization method: Projection of the real scattering amplitude a(s) on the Argand circle
yields the unitarized, complex amplitude aK(s).

Figure 3.27 illustrates the e�ect of the K-matrix unitarization on VBS: The SM cross section is es-
sentially independent of

√
s. The non-unitarized VBS process with an anomalous coupling parameter

α4 = 0.1 a priori violates unitarity. The cross section exceeds the unitarity bound and rises in�nitely
with the collision energy. When K-matrix unitarization is applied, the high energy rise of the total
cross section is suppressed. Physically, the K-matrix unitarization acts like an in�nitely heavy and
wide resonance added to the spectrum.

Multipole form factors

A di�erent method ensuring unitarity of the scattering matrix is by multiplying the anomalous cou-
pling with a form factor F (cf. e.g. [79, ch. 4.2])

F =
1

(1 + s
Λ2
FF

)n
, (3.14)

where n is a positive integer, e.g. n ∈ {2, 4}, ΛFF is the form factor scale, and s is the Mandelstam
variable calculated from the scattering ofWW →WW . Application of this form factor attenuates the
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Figure 3.27: Total cross section of W+W+ → W+W+ with a SM Higgs with mass mH = 125 GeV. The SM
cross section (violet) is compared to the cross section with α4 = 0.1 without unitarization (green) and with uni-
tarization via K-matrix scheme (brown). The unitarity bound corresponds to the highest possible cross section
in the unitarized case.

cross section as the energy rises above the form-factor scale ΛFF . The expansion of this form factor, a
series of the form

∑
m am( sΛ)m with arbitrary coe�cients am, mimics the e�ective �eld theory series

of operators (2.33). To this e�ect, the form factor can be interpreted as a resummation of higher-order
operators [79, 143].

The choice of the exponent n is governed by the goal to suppress the cross section as strongly as
necessary to ensure unitarity over the full investigated energy range. As the scale ΛFF marks the
scale above which unitarity is violated, it depends on the operators and couplings used [79, ch. 4.2].
Experimental limits on anomalous couplings with form-factor unitarization thus always depend on
the exponent n and the scale ΛFF .

Comparison of unitarization procedures

Both unitarization procedures, the K-matrix and form factor methods, are phenomenologically moti-
vated and implementations of the methods in MC generators are available. For the choice of method for
experimental application, their e�ect on VBS cross sections with anomalous quartic gauge couplings
need to be considered.

Figures 3.28a and 3.28b show the cross section dependence on the anomalous quartic gauge coupling
α4 for the process pp→ jje+νee

+νe with the following phase space selection: Jets are selected with
pT > 20 GeV, |η(j)| < 5, and ∆R(jj) > 0.4; leptons are selected with pT > 10 GeV and |η(`)| < 5.
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A cut of Mjj > 150 GeV on the outgoing quarks is applied. The data for the form-factor unitarization
are obtained by using an implementation of the fS,0 and fS,1 parameters introduced in section 2.3.5
and using the known conversions (2.40). The unitarization has been performed with a form factor with
exponent n = 2 and the maximum possible form factor scale ΛFF , determined with the tool [144].
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Figure 3.28: Cross sections for the process pp→ jje+νee
+νe in a loose VBS-like volume with Mjj > 150 GeV

in dependence of α4. The aQGC α4 (blue) is compared to the f̃S,i parameters (red), where f̃S,0 = f̃S,1 to satisfy
Equation (2.40), and they are multiplied by k = 1/2176 (cf. Equation 2.42).

Both procedures yield a reduction of the cross sections by more than one order of magnitude. They
modify the dependence on the coupling constant from a quadratic to a linear dependence. In both
cases, the dependence becomes asymmetric in the coupling constant α4. The reduction in case of the
K-matrix is smaller compared to the reduction by form-factors. A detailed comparison of unitarization
of VBS processes by the two methods described above was conducted in [145, 146].
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CHAPTER 4

The Atlas detector at the lhc

4.1 The Large Hadron Collider

The largest particle detector at a high-energy accelerator ever built, atlas is a multi-purpose detec-
tor located at the Large Hadron Collider (lhc) [147]. This accelerator for protons and heavy ions
is located at the Centre Européen pour la Recherche Nucléaire (CERN) in the former Large Electron-
Positron collider (LEP) [148] tunnel at the Swiss-French border close to Geneva, Switzerland. Apart
from proton-proton collisions, the lhc is also used in ion-ion (Pb-Pb) or proton-ion (p-Pb) collision
mode. 1 The 27-km long circular collider is located about 100 m underground, tilted by 1.4 ◦ for ge-
ological reasons. It consists of more than 1,600 superconducting niobium-titanium (NbTi) magnets,
cooled to 1.9 K with super�uid 4He.

1,232 dipole magnets with a peak �eld of 8.33 T are installed to bend the beams on the circlular track.
The beams are focused by 392 quadrupole magnets. The lhc works as two synchrotron accelerators
with beams moving in opposite direction in adjacent beam pipes in twin bore magnets, which consist
of two sets of coils but share the mechanical structure and the cryogenic system. [147]

The proton beams �rst pass through a chain of accelerators serving as pre-accelerators. [149] As the
last part of this chain, the Super-Proton-Synchrotron (SPS) injector supplies 450 GeV proton beams to
the lhc ring, which are then accelerated to 4 TeV (in the year 2012), and brought to collision at the 4
intersection points. Up to 1380 bunches per beam have been circulating during Run-1 (2010-2012 data
taking), with a bunch spacing of 50 ns. The peak luminosity in 2012 was 7.7× 1033 cm−2s−1. [150]

There are 4 major experiments located at the lhc ring at the beam crossing points: alice, atlas, cms,
and lhcb. While atlas and cms are both multi-purpose detectors designed to �nd a light SM Higgs
boson as well as new physics in general, alice is optimized for hadron physics, and lhcb studies
�avor physics. As this thesis uses data of the atlas detector, a description of its composition and
functionalities follows in this chapter.

1 As ion collision experiments are not subject of this thesis, the term lhc will be used throughout this thesis as the proton-
proton mode lhc only.
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4.2 The ATLAS Detector at the lhc: Functionality and layout

The construction of the atlas detector has been described in all detail in [151], documenting the
enormous e�ort of designing, building, and operating a detectors suitable for providing the measured
data for investigations such as presented in this work. The detector description in this chapter will
cover the components most relevant to the W±W±jj measurement in the layout of atlas as present
in the lhc Run-1 data taking (2010-2013).

4.2.1 A Toroidal LHC ApparatuS: Overview

Situation and coordinate system The atlas detector is situated in a cavern of the CERN lhc
tunnel located in Meyrin, Switzerland. It is built around the lhc collision point number 1.

Seen from the nominal interaction point (IP), the right-handed coordinate system used for atlas is
de�ned as follows:

• The plane transverse to the beam axis is the x− y plane, where the positive x-axis points from
the IP to the center of the lhc ring, and the y-axis points upwards.

• The z-axis is de�ned by the beam axis.

Angular coordinates are de�ned as follows:

• The azimuthal angle φ is measured around the beam axis, with φ = 0 = 2π at the positive
x-axis.

• The polar angle Θ is the angle to the beam axis. Based on the polar angle Θ, the pseudorapidity
is de�ned as η = − log

(
tan Θ

2

)
.

• The distance in the pseodorapidity-azimuth plane is de�ned as ∆R =
√

∆φ2 + ∆η2.

Total view and design principles The atlas detector is a device for the detection of a broad range
of particle types and the measurement of their kinematic properties. It features the typical structure of
multiple layers of subdetectors specialized for certain types of particles, surrounding each other such
that the full detector data allows to identify and measure various types of particles at high precision
over close to the full spatial angle.

In each subdetector, a substructure division into so-called "barrel" and "end-cap" structures is con-
structed to get as close as possible to full coverage: In the barrel region, symmetrically around η = 0,
subdetectors have cylindrical shape, with layers typically parallel to the beam pipe. In the end-caps,
the regions at both ends of the detector, the detector components are arranged in disk-like shapes
sparing a hole for the beam pipe.
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The whole detector measures 44 m in length and 25 m in diameter, and is approximately cylindrically
symmetric, with an eight-fold axial symmetry for all subdetectors but the tracker, dictated by the toroid
magnet layout. For safety, all subdetectors are �oating and are grounded individually.

Figure 4.1 shows an overview of the atlas detector, sliced such that each subdetector is visible.

Figure 4.1: atlas detector overview. From [113, �g. 1.1].

The subdetectors are described in the following sections, following the detector’s geometry from
the parts closest to the beam pipe to the outermost layers of the Muon Spectrometer. Building on
the description of functionality and layout of the detector in this section, Section 4.3 describes the
reconstruction of physical objects from data taken with this detector.

4.2.2 Inner Detector

The Inner Detector (ID) is the tracking system of atlas. Its layout and operation parameters are
driven by its design goals: measuring tracks with high momentum resolution down to low momenta
of ∼ 0.5 GeV, as well as reconstruction of primary and secondary vertices with high resolution, and a
robust electron identi�cation up to |η| = 2.0 within a wide range of energies. A challenge for the used
technologies and materials is posed by the high-radiation environment close to the collision point,
leading to type conversion of semiconductor material.

The tracking components of the ID are immersed in a 2 T magnetic �eld provided by the solenoid
magnet (see Section 4.2.6), which leads to a curvature of charged tracks, allowing for the measurement
of their charge and momentum.

65



4 The Atlas detector at the lhc

The ID comprises three subdetectors: the semiconductor trackers pixel and sct (silicon microstrip
tracker), and the gaseous straw tubes detector TRT (transition radiation tracker). A schematic plan of
the ID with measures of its subdetectors is shown in Figure 4.2.
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Figure 4.2: Plan view of the atlas Inner Detector, from [151, �g. 4.1]. Distances in mm from the interaction
point are indicated in black, using prescript "R" for radial distances. The labels PP1, PPB1, and PPF1 refer to
patch-panels for the service cables.

Semiconductor trackers Both the pixel and sct use semiconductor detectors to register incident
charged particles and photons: The sensitive volume consists of a p-n-diode depleted of mobile charges
by applying an external electric �eld in reverse direction. A minimum ionizing particle passing the
detector deposits energy in the n-type bulk material, producing pairs of electrons and holes. These
charges are separated by the electric �eld and drift towards the nearest electrodes. Read-out chips
(ASICs) on the electrodes amplify and process the signal, which is proportional to the energy of the
initial particle.

pixel detector The subdetector with highest granularity, which is located closest to the interaction
point, is the pixel detector, spanning up to |η| = 2.5 and radially from R = 5.05 cm to R = 12.25 cm
distance from the beam axis. For the spatial measurement, it provides a radial resolution of σ(Rφ) =

10 µm, and an axial resolution of σ(z) = 115 µm [151, Tab. 4.1].
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Tracking in the pixel is based on a semiconductor detector technology using n-type silicon wafers
with n+-implants on the side of the readout, compensating for conversion of n-type material to p-type,
which is expected to occur after undergoing a radiation �uence of Fneq = 2 · 1013 cm−22 [151, Sec.
4.2.1].

The pixel detector contains a total of 1744 silicon sensors with an external size of 19 × 63 mm2

each. Each sensor holds 47232 pixels with nominal size of 50× 400µm2, which is constrained by the
read-out pitch. Via bump bonds, 46080 of a sensor’s pixels are connected to read-out channels of the
front-end electronics, amounting to a total of 80.4 ×106 read-out channels in the whole pixel. One
sensor along with its associated front-end electronics chip, mounted on a printed-circuit board, forms
a pixel module. Attached to stave segments, which also contain cooling units, the pixel modules
are arranged in three cylindrical layers parallel to the beam pipe in the barrel region, and three disks
perpendicular to the beam pipe in the end-cap region, to form the pixel system.

Operating temperature of the pixel sensors is required to be −5 to −10 ◦C, in order to reduce
leakage currents after the detector has experienced radiation damage.

sct detector Following its passage of the pixel, a particle next traverses the sct (silicon microstrip
tracker), in the range of R = 29.9 cm to R = 51.4 cm. It uses classical p-in-n semiconductor sensor
strips of 6 cm length and a pitch of 80 µm, which are bundled in sensors, each with 768 daisy-chained
pairs of those strips. For better spatial resolution, the sensors are arranged in parallel pairs with a
stereo angle between the strips of 40 mrad.

These sensor pairs are connected to binary signal readout chips, and glued on a baseboard providing
stability and high voltage. Each module is cooled by evaporating a refrigerating �uid in a neighboring
cooling pipe, such that the sct sensors are operated at−7 ◦C in order to reduce leakage currents after
radiation damage.

With 4088 modules arranged as four cylindrical layers in the barrel region and nine disk layers
in each of the end-caps, the sct provides almost 4π coverage with a total silicon surface of 63 m2.
The sct provides a lateral resolution of σ(Rφ) = 17µm and a resolution of σ(z) = 580µm and
σ(R) = 580µm in longitudinal direction [151, Tab. 4.1]. It contains a total of 6.3×106 read-out
channels.

pixel and sct read-out According to a 40.08 MHz clock which is synchronized with the lhc bunch
crossings (BC), a signal generated in the front-end electronics of a pixel or sct module is stored in a
bu�er for∼ 3.2µs. If a level-1 trigger signal (see Section 4.2.7) is received, the bu�er content associated
to this BC is transferred to a readout driver (ROD) to be passed on to the subsequent trigger chain.

Transition Radiation Tracker The outermost part of the tracking system is the TRT (transition
radiation tracker), spanning from R = 55.4 cm to R = 108.2 cm. It is responsible for charged track
measurements up to |η| = 2.0, providing typically 36 hits per track.

2 Fneq denotes the neutron equivalent dose.
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The TRT is based on a drift tube technology: High-energy charged particles passing the tube ionize
the gas contained in the tube. The resulting electrons drift towards an anode wire located at the center
of the tube, which registers a voltage proportional to the originally deposited energy. Additionally,
the detector registers transition radiation photons which are produced as the particle passes layers
with varying refraction indices. As the transition radiation is dependent on the particle’s mass, its
measurement provides means for particle identi�cation. Thus, the TRT serves as a tracking detector
as well as a transition radiation photon detector.

The TRT straw tubes have a diameter of 4 mm and are made of a polymer material coated with
aluminum as cathode material. In the center of the tubes, gold-plated 31µm tungsten wires serve as
anodes, directly connected to the readout. In the barrel TRT tubes are 144 cm long and arranged in
rings of layers of straws interleaved with �bres to generate transition radiation. In the end-cap regions,
37 cm long straws are interleaved with polypropylene radiator foils and organized in wheels.

The TRT only provides radial information, but no information on the z coordinate. Radially, its
accuracy amounts to σ(Rφ) = 130µm [151, Tab. 4.1]. High level of alignment and wire-tube distances
are ensured using a grid of polyimide keeping the straws aligned. High requirements are also put on
the purity of the Xenon-based gas mixtures. Therefore, in order to avoid contamination through leaks,
the straws are surrounded by CO2.

This CO2 gas envelope also serves as conductor for the heat dissipated by the straws: During data
taking, the ionization currents produce heat proportional to the counting rate – up to 20 mW per
straw in the high-occupancy inner barrel straws. This heat is conducted o� the straws via the CO2 gas
envelope to heat exchangers cooled with C2F14.

Services: Power supply, control commands, data transfer For pixel and sct, the digital clock
signal and control commands as well as the data transfer o� the detector is transmitted via optical
links. For the TRT, optical links are used for readout as well, while trigger, timing, and control (TTC)
is transmitted electrically.

The pixel and sct sensors as well as the TRT straws are supplied with high voltage (HV), while low
voltage (LV) is necessary for the front-end electronics as well as the control electronics.

Performance of the Inner Detector The totality of the Inner Detector components is well suited
to ful�ll the design goals: The semiconductor trackers at small distances from the beam pipe are re-
sponsible for vertex and impact parameter measurements necessary for heavy-�avor tagging and τ
identi�cation. Momentum measurement with high resolution is ensured by the high-precision track-
ers at smaller radii in combination with TRT tubes providing a long measured track length with large
number of hits, albeit low spatial accuracy in z-direction. At the same time, this combination yields
robust pattern recognition for tracking. In addition to its tracking capacities, the TRT provides for
excellent electron identi�cation making use of transition radiation photons, combined with the infor-
mation from the adjacent electromagnetic calorimeter.
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4.2.3 Calorimeters

The atlas calorimeter system is designed to measure the amount and direction of the energy deposi-
tion of electromagnetic and hadronic showers. Its design goals are good containment of these showers
as well as a high level of prevention of punch-through to the Muon Spectrometer, and an accurate
measurement of the deposited energy.

Figure 4.3: atlas calorimeter overview, from [151, �g. 1.3]

To achieve these goals, the calorimeter is divided in an electromagnetic (EM) calorimeter and a
hadronic calorimeter. In the barrel, the electromagnetic (EM) calorimeter has a thickness of > 22X0

(radiation lengths X0) and in the endcaps > 24X0.3 Stand-alone, the hadronic calorimeter is ∼ 9.7λ
(interaction lengths λ) in the barrel and ∼ 10λ in the end-caps.4 As it is located behind the EM
calorimeter which serves as active material for hadronic showers as well, the total thickness is 11λ at
η = 0. Each shower passing the calorimeter system is sampled several times. In addition, the lateral
granularity of the calorimeters is very high.

Both for electromagnetic as well as for hadronic calorimetry, atlas employs sampling calorimeters,
which consist of alternating components of an absorber material and an active detector material. Par-
ticle showers are produced by interactions in the absorber layers, generating particles that travel into
the layers of active material. There, they ionize the medium, producing secondary charged particles

3 The radiation length is de�ned as the mean travel distance after which a high-energy electron reduces its energy to 1/e
of the initial energy by emission of bremsstrahlung.

4 The nuclear interaction length is the mean distance after which the number of particles in a hadronic jet is reduced to 1/e
of the initial number, as particles undergo inelastic nuclear interactions with the material [152].
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which drift to the adjacent high-voltage electrodes. These electrodes register the signal as a voltage
pulse, which is further processes in the front-end electronics. Two types of sampling calorimeters are
employed at atlas, categorized by their active medium: liquid argon calorimeters and scintillating tile
calorimeters.

Electromagnetic Calorimeters The electromagnetic (EM) calorimeter of atlas uses lead as ab-
sorber and liquid argon as active medium. It consists of two half-barrels, covering the range |η| <
1.475, and two end-caps, spanning from 1.375 < |η| < 3.2.

In order to provide full φ coverage, the kapton electrodes and the lead absorber plates have an
accordion-like wave structure. By adjusting the wave amplitude and folding angles of the accordion in
connection with the liquid argon gap size, the calorimeter’s design provides very uniform performance.

The barrel of the EM calorimeter is divided in two half-barrels, both extending over a radius from
1.4 m to 2 m around the beam axis. An 11 mm thick liquid-argon presampler layer adjoins their inner
surface, improving the energy measurement in face of energy lost by particles in the inner detector.
Each of the half-barrels contains 1024 absorber plates and weighs 57 t.

Radially, the EM calorimeter barrel is structured in two or three (depending on |η|) layers with
varying granularity. The second layer collects the largest fraction of the electromagnetic shower. In
the central region of the detector, |η| < 1.40) which is devoted to precision physics, this is therefore
the layer with the �nest granularity of ∆η ×∆φ = 0.025× 0.025 [151, Tab. 1.3].

The liquid-argon gap size in the barrel is kept constant by varying the folding angles of the accordion
waves. The read-out electrodes in the barrel modules are placed centrally in the liquid-argon gaps,
providing a maximum drift time of 450 ns at a high-voltage of 2 kV. They consist of three layers of
conductor, of which the outer ones provide the high voltage potential. The signal is generated via
capacity coupling in the inner one, which is read out.

Each of the end-caps is divided into two coaxial wheels: the outer wheel covering 1.375 < |η| < 2.5
has a granularity of ∆η×∆φ = 0.025×0.1, while the inner wheel spanning the range 2.5< |η|< 3.2
has a coarser granularity of ∆η ×∆φ = 0.1 × 0.1 [151, Tab. 1.3]. They extend from R = 0.33 m to
R = 2 m and weigh 27 t each. A presampler is installed in front of the end-caps up to |η| < 1.8.

Each wheel is segmented into eight modules, with no resulting φ segmentation thanks to the ac-
cordion shape of the absorbers. In the end-caps, the liquid argon gap size increases with the radius.
To nevertheless provide a detector response constant in |η|, the electrodes in the center of the liquid
argon gaps are provided with varying high voltage of 1 kV to 25 kV.

Hadronic Calorimeters The hadronic calorimeter consists of three parts: the tile calorimeter in the
range |η|< 1.7, the liquid-argon hadronic end-cap calorimeter (HEC) (1.5 < |η|< 3.2), and the liquid-
argon forward calorimeter (FCal) with coverage of 3.1 < |η|< 4.9. They consist of di�erent absorber
and detector materials as described in the following paragraphs.
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Tile Calorimeter Joining directly outside the EM calorimeter is the innermost component of the
hadronic calorimeter. It covers the region up to |η| < 1.7 and is segmented into a central barrel and
two extended barrel parts. Radially, it extends from 2.28 m to 4.25 m distance from the beam axis and is
segmented in three layers in depth. The inner two layers have a granularity of ∆η×∆φ = 0.1× 0.1,
and the outer layer ∆η ×∆φ = 0.2× 0.1 [151, Tab. 1.3].

The tile calorimeter uses steel plates as absorber material and scintillating tiles as active material,
which are arranged in alternating steel-scintillator modules of size ∆φ ∼ 0.1. Each barrel part contains
64 of these self-supporting modules.

Wavelength-shifting �bres lead from the scintillators to the photomultiplier tubes at the rear of
the module, which are connected to the front-end electronics. A total of 9852 read-out channels are
provided by the Tile calorimeter. It has a radial thickness of 7.4λ.

Liquid-argon hadronic end-cap calorimeter (HEC) In the end-caps, the hadronic calorimeter is
located directly behind the EM calorimeter and shares a cryostat with the neighboring EM end-cap
and FCal.

Extending over 1.5 < |η| < 3.2. with an outer radius of R = 2.03 m, the HEC overlaps with the
forward calorimeter and the tile calorimeter, to compensate the reduction of material density in the
transition regions. The absorber material is copper, while liquid argon is used as active medium.

Each end-cap consists of two wheels, the front wheel and the rear wheel, both consisting of 32
wedge-shaped modules and a support structure of connecting bars at the periphery and the central
bore. In the front wheels, the copper absorber plates have a thickness of 25 mm, while they are 50 mm
thick in the rear wheels. As the liquid-argon gaps (active medium) are 8.5 mm in both wheels, this
leads to a larger sampling fraction5 in the front wheels of 4.4 % compared to 2.2 % in the rear wheels.

Three equidistant electrodes divide a liquid argon gap into four drift zones. Each zone has a high
voltage potential of 1800 V supplied by the electrodes, which are held in place by a honeycomb sheet.
The middle electrode serves as the readout electrode. The readout cell granularity of the HEC is ∆η×
∆φ = 0.1 × 0.1 in the area below |η| < 2.5 and ∆η × ∆φ = 0.2 × 0.2 above |η| > 2.5. A total of
5632 channels is read out.

Forward liquid-argon calorimeter Many signatures of processes connected to the exploration of
electroweak physics feature forward jets, for instance the scattering of electroweak vector bosons and
the process of vector-boson fusion withW , Z , or Higgs boson production. These measurements pro�t
enormously from the FCal, which measures hadron jets in the range of 3.1 < |η| <4.9.

The FCal is designed to provide 10 interaction lengths over a relatively short range such that its
distance to the IP can be large, limiting neutron albedo in the inner detector cavity.

5 The sampling fraction fsamp is de�ned as

fsamp =
Emip(active)

Emip(active) + Emip(absorber)

where Emip(layer) is the energy deposited by an incident minimum-ionizing particle in the respective layer [153].
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Each end-cap’s Forward Calorimeter consists of three modules: the one closest to the beam pipe, the
"electromagnetic layer" FCal1, uses copper as absorber material. FCal2 and FCal3, the two hadronic
calorimeters, use tungsten as absorber material.

As the particle �uxes in the FCal are very high because of its position at high |η|, the liquid argon
gaps are designed to have very small widths. Electrodes are inserted regularly inside a structure of the
absorber material. They consist of small-diameter copper rods at the center of copper tubes, separated
by plastic �bres. These electrodes are arranged parallel to the beam pipe.

The granularity varies from layer to layer (z direction) and also in |η|, being �ner at the center.
The FCal provides a total of 1762 readout channels and its hermetic design in connection with the
surrounding calorimeters improves the uniformity of the calorimeter coverage.

Figure 4.4 shows the cumulative amount of material which the calorimeter components provide.
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Figure 4.4: The cumulative amount of material of the various calorimeter components is shown as a function
of |η| in units of interaction lengths. The bottom part indicates the material in front of the calorimeter, while
the other components are labeled according to their calorimeter part. The top area shows the total amount
of material in front of the �rst active Muon Spectrometer layer, including support structures, cryostats, and
magnets [151, �g. 5.2].

Calorimeter operation and performance The calorimeters using liquid argon as active medium
(EM calorimeter, HEC, and FCal) are housed in cryostats which provide cooling to retain the liquid
phase of the argon. To this e�ect, a 20 kW refrigerating system surrounds the calorimeters. It is
operated with liquid nitrogen, whose boiling temperature at 77 K is slightly lower than that of argon
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at 87 K. The nitrogen is supplied with appropriate �ux and pressure such that the argon stays liquid.
The main purpose of the calorimeter readout is to provide input to the level-1 trigger in form of

trigger towers of size ∆η = 0.1 × 0.1, and to read out the energy deposition in each calorimeter cell
in case the trigger is activated for a certain collision event. To this e�ect, a uni�ed readout system is
used for all liquid argon calorimeters: First, the analog signal is ampli�ed and processed in front-end
electronics close to the detector, which need to be radiation hard. Subsequently, the signal is digitized
and sent to o�-detector digital processors. This approach ensures the low noise levels needed for
a measurement range from 3 TeV down to ∼ 10 MeV, with a coherent noise level below 5 % and a
frequency corresponding to the trigger rate of 75 kHz.

Through its large |η| coverage and thickness, the atlas calorimeter system provides a good Emiss
T

measurement and a very low level of punch-through to the Muon Spectrometer.

4.2.4 Muon Spectrometer

Combined with the toroid magnet system providing the magnetic �eld, the outermost detector cham-
bers of atlas serve as a spectrometer for all particles exiting the calorimeter system. With the excep-
tion of punch-through particles, the majority of the particles measured in this subdetector are muons.
The Muon Spectrometer ranges from a radius of 4.25 m to 11 m from the beam axis. The spectrometer
is designed to have excellent charge identi�cation, high resolution of momentum measurement, and
fast input to the trigger system. It covers a pseudorapidity range up to |η| < 2.7 for tracking and
|η| < 2.4 for the trigger.

The magnetic �eld bending the muons’ trajectories is generated by the toroid magnets described in
Section 4.2.6. Their magnetic �eld is mostly orthogonal to the muons’ direction.

Four sub-detectors are responsible for high-precision measurement of muon tracks as well as trig-
gering on events with high transverse momentum muons. They are arranged in three cylindrical
layers in the barrel region and three layers of planar chambers perpendicular to the beam axis in the
transition and end-cap regions. Four di�erent types of measurement and trigger chambers are in oper-
ation at ATLAS: Monitored Drift Tubes (MDT) and, at large pseudorapidities, Cathode Strip Chambers
(CSC) are responsible for high-precision measurement of the track coordinates. Resistive Plate Cham-
bers (RPC) in the barrel region and Thin Gap Chambers(TGC) in the end-caps provide input to the
trigger system as well as the measurement of the track coordinate orthogonal to the MDT or CSC
measurement.

Monitored Dri� Tubes (MDT)

The Monitored Drift Tubes (MDT) provide high-precision tracking of muons in the barrel and end-caps
regions of the Muon Spectrometer. These chambers are operated as gaseous drift chambers consisting
of aluminum tubes with diameter 29.97 mm �lled with an Argon/CO2 mixture at 3 bar pressure. A
muon passing the tube ionizes the gas, leading to electron-ion pairs. The electrons drift towards the
tungsten-rhenium wire anode at the center of the tube, which is at a high voltage potential of 3080 V
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Figure 4.5: Cut-away view of the Muon Spectrometer system of atlas [151, �g. 1.4].

with respect to the tube and has a diameter of 50µm. The maximum drift time is ∼700 ns [151, Tab.
6.2]. The arrival time of the signal from the point of the track closest to the wire is measured with a
precision of 0.78 ns, provided by the TTC clock [151, Sec. 6.3.3]. Knowing the drift velocity, this time
is converted into the spatial minimum distance of the track to the wire.

As the tubes are arranged in φ direction tangentially to circles around the beam axis, the MDT layers
measure the z coordinates of a track. In the barrel, the tubes are arranged in rectangular chambers,
while they have trapezoid shape in the end-caps.

Each MDT chamber contains two sets of multi-layers, mounted on the two sides of a support struc-
ture. The multilayers both consist of three or four layers of tubes. Both ends of a tube are closed
with an end-plug keeping the wire localized and providing infrastructure for gas �ow as well as high
voltage supply and read-out connections.

The signal is read out via the end-plugs using one readout chip for signal processing per eight tubes.
It is routed to a time-digital-converter (TDC) which measures the drift time in units of the TTC clock.
Subsequently, the signal is broadcast according to the trigger to the readout drivers in the atlas service
cavern.

74



4.2 The ATLAS Detector at the lhc: Functionality and layout

Cathode Strip Chambers (CSC)

At pseudorapidities above |η| > 2.0, the �rst layer of the end-caps muon chambers consists of Cathode
Strip Chambers (CSC), operating as multi-wire proportional chambers. This type of detector is more
adapted to the high counting rates expected in that region than the drift tubes.

The CSCs are arranged in two discs per end-cap with eight chambers each, at a distance of 7 m from
the interaction point.

The chambers are �lled with an Argon-CO2 mixture and contain a mesh of parallel tungsten wires
operated as anodes at a potential of 1900 V. They are surrounded by two cathodes, each segmented in
parallel strips. The wire-to-wire distance is 2.5 mm, which is equal to the distance between wires and
cathode. One cathode’s strips are arranged in parallel to the anode wires, while the other cathode’s
strips are perpendicular. Reading out the signals in the cathode strips allows for the measurement of
the R and φ coordinates of the track with a precision of 40µm in R and 5 mm in φ due to coarser
segmentation [151, Tab. 6.1].

In contrast to the MDTs, the low drift times of< 40 ns as well as the combination of two coordinates
which allows to resolve ambiguities in the presence of more than one track make the CSCs more
suitable for the high particle density region. Furthermore, their small gas volume makes them less
neutron sensitive.

Alignment of MDT and CSC In order to reach the target high spatial and momentum resolution,
strict requirements are imposed on the alignment of the MDT and CSC components. An alignment
system monitors each chamber’s position relative to its neighbors, as well as deformations within the
chambers. The alignment system is based on optical sensors measuring deviations from a straight
plane, complemented by temperature sensors allowing to deduce information on the expansion of
components. The information allows to correct the positions entered into the muon reconstruction
software.

Muon trigger system

The atlas muon trigger chambers provide fast information on measured muon tracks as input for the
trigger system. Their task is to discriminate between transverse momenta according to certain trigger
thresholds and to provide the corresponding bunch crossing information, while being robust facing
photon or neutron cavern background.

The trigger system works as shown schematically in Figure 4.6. It consists of three layers of trigger
chambers which detect the muon track. Based on one pivotal layer, the coincidences of the �rst and
last layer build curvature patterns of deviation from a straight line. The trigger system evaluates
according to these patterns if a certain track curvature and hence a certain momentum threshold has
been exceeded.

In the end-caps region, the p/pT ratio is larger, such that a higher granularity is necessary. Also,
particle rates are higher than in the barrel. According to these conditions, di�erent technologies are
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Figure 4.6: Muon trigger system [151]. The pivot layers for coincidence patterns are RPC2 for the barrel
and TGC3 for the end-caps. The naming of the MDT chambers follows the general muon system naming
scheme [151], where the leading "B" and "E" stand for barrel and end-caps respectively. The second letter can
be "I" for inner, "M" for middle, "E" for extended, and "O" for outer layer. The third letter "L" indicates that these
chambers belong to the larger ones.

used in the barrel and end-caps, which are described below.
The o�ine monitoring code for the RPC L1 trigger e�ciencies was extended as a part of the work

for this thesis [154].

Resistive Plate Chambers (RPC) Besides providing input for the muon trigger system in the bar-
rel, which requires fast detection of tracks, the RPC sub-detector provides the measurement of the φ
coordinate complementing the MDT coordinate measurement of z.

Three concentric cylindrical layers of RPC chambers cover the range of |η| < 1.05. The RPC detector
units contain two large resistive plates of a plastic laminate material at a parallel distance of 2 mm. The
gap is �lled with a gas mixture at atmospheric pressure. Graphite electrodes attached to the outsides
of the resistive plates provide an electric �eld of 4900 V/mm between the plates. An incident charged
particle ionizes the gas leading to an electric discharge which in turn reduces the potential. In this
way, the size and duration of the signal are limited as the potential becomes too low to maintain the
discharge [152]. At an intrinsic time resolution of ≤ 1.5 ns, the RPC signals are suitable to be used by
the trigger.
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The signal is read out via two orthogonal sets of pick-up strips attached to the graphite electrodes. It
is ampli�ed and shaped in front-end boards located at the edges of the chambers. The two coordinates
are measured with a resolution of 10 mm in z and 10 mm in φ [151, Tab. 6.1].

Thin Gap Chambers (TGC) The second type of trigger chambers in the muon system are thin gap
chambers, covering the end-caps region between 1.05 < |η| < 2.7 for the track measurement and up to
|η| < 2.4 for triggering. Similarly to the CSCs, they are operated as multi-wire proportional chambers,
but with a distance of 1.4 mm between the wire and the graphite cathode. A high voltage of 2900 V
is applied between wires and cathodes. The gas mixture of CO2 and n-C5H12 is operated in quasi-
saturated mode. This leads to a relatively low ampli�cation with respect to the primary ionization.
Combined with the high voltage, the TGCs thus provide a very good time resolution of 4 ns.

The TGCs are arranged in circular disks consisting of two rings with di�erent granularity in φ,
owing to the trigger requirements. Pick-up strips with a segmentation perpendicular to the direction
of the wires are attached to the cathodes, separated by an insulating layer. This allows to measure the
radial coordinate R with a resolution of 2-6 mm by reading out the wire anodes and the azimuth φ
with a resolution of 3-7 mm via the radial strips [151, Tab. 6.1].

4.2.5 Forward detectors

In addition to the major subdetectors described above, the atlas detector possesses three smaller de-
tector systems in the forward region. These are the LUCID detector ("Luminosity measurement using
Cerenkov Integrating Detector"), which in combination with the ALFA Roman pots system ("Abso-
lute Luminosity for ATLAS") is responsible for the luminosity measurement. Furthermore, the ZDC
("Zero-Degree Calorimeter") measures the centrality of heavy-ion collisions.

4.2.6 Magnets in the ATLAS detector

Two major magnet systems exist in atlas: A thin superconducting solenoid surrounding the Inner
Detector, and three large superconducting toroid systems (one in the barrel, two in the end-caps)
arranged with an eightfold symmetry around the calorimeters.

Solenoid magnet The solenoid magnet consists of a single layer of a NbTi superconductor coil,
designed with the goal to minimize the radiation length thickness in front of the electromagnetic
calorimeter. For this purpose, it is integrated in the calorimeter vessel (see Figure 4.7). The solenoid
is aligned in parallel to the beam axis and generates a nearly uniform magnetic �eld of 2 T in axial
direction. Liquid helium is used for cooling the superconductor to a temperature of 4.2 K.

Toroid magnets The eight coils of the barrel toroid magnet are housed in racetrack-shaped vacuum
vessels arranged cylindrically around the calorimeter, generating an azimuthal magnetic �eld varying

77



4 The Atlas detector at the lhc

Figure 4.7: Geometric lay-
out of the atlas magnets
and the tile calorimeter. The
eight coils of the barrel
toroid magnet are shown,
as well as the eight end-cap
toroid coils. The solenoid
magnet is located inside
the tile calorimeter volume.
From [151, �g. 2.1].

between 0.2 to 2.5 T. The coils consist of a Nb/Ti/Cu superconductor, operated at 4.2 K. In the end-
caps, the toroid magnets are also arranged in an eight-fold symmetry consisting of eight separate
toroid coils. These coils are contained in one cryostat per end-cap and rotated by 22.5° with respect to
the barrel toroid coils.

Magnetic field Since the accuracy of the magnetic �eld measurement directly contributes to the
resolution of track momentum measurements, the magnetic �eld in atlas is mapped with high preci-
sion.

In the inner detector, the �eld is measured so accurately that the relative bending power uncertainty
does not exceed 5× 10−4, such that it can be neglected in comparison to the alignment uncertainty in
the ID. This high level of accuracy in magnetic �eld measurement is achieved using a detailed map of
the �eld contributions of all coil windings of the solenoid and by taking into account �eld modi�ca-
tions by magnetized material of e.g. the calorimeter structure. In addition, NMR and Hall probes are
distributed throughout the detector to measure the magnetic �eld strength during operation.

The toroid �eld is monitored with an array of ∼1730 Hall e�ect sensors distributed in the Muon
Spectrometer. Measurements from these points are inserted into the magnetic �eld model, achieving
a relative accuracy of 0.2 %.

4.2.7 Trigger and data acquisition

With a bunch crossing rate of 20 MHz and an average event size of 1.5 MB, not every collision event
can possibly be written to storage. The atlas trigger system consists of three subsequently applied
selection levels identifying the bunch crossings whose associated data are to be transferred to storage.
The Level-1 (L1) trigger is followed by the Level-2 (L2) trigger and the event �lter. According to the
trigger decisions, the data acquisition system (DAQ) stores, processes, and transfers the corresponding
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detector read-out data. The DAQ system also controls and monitors the atlas detector performance
during data taking. The hardware control and monitoring is performed by the Detector Control System
(DCS).

Level 1 trigger The L1 trigger uses information from the muon trigger chambers (RPC and TGC)
to search for patterns of high-pT muons, as well as information from the calorimeters to search for
high-pT jets, electromagnetic clusters, hadronically decaying τ -leptons, and largeEmiss

T or total trans-
verse energy. Various pT thresholds can be implemented, as well as combinations of requirements.
The trigger decision is made by the Central Trigger Processor (CTP) and distributed to the front-end
electronics of the detector via the Trigger, Timing, and Control (TTC) system, which also handles the
correct bunch crossing identi�cation. The maximum acceptance rate of the L1 trigger is 75 kHz and
the decision takes less than 2.5µs [151, Sec. 8.2]. Events passing the L1 trigger are bu�ered and trans-
mitted to the L2 trigger by the DAQ, providing regions of interest (RoI) in the event which contain
possible trigger objects.

High-level trigger The L2 trigger is seeded by RoIs that have been identi�ed by the L1 trigger. In
combination with additional detector information not available at the L1 trigger stage, such as Inner
Detector input, the L2 trigger re�nes the trigger decision. Events that are accepted by the L2 trigger
are processed by event-building algorithms and transmitted to the event �lter at the rate of 3.5 kHz
and a latency of 40 ms [151, Sec. 8.3.5].

The event �lter is based on fully built events with full detector granularity and precision, which
have passed the L2 trigger. This allows a re�ned trigger selection according to pT thresholds and
better particle identi�cation. The event �lter has a 200 Hz acceptance rate and the event processing
takes four seconds.

Events accepted by the full trigger chain are transferred to output nodes and subsequently to the
CERN central storage.

4.2.8 atlas data storage and computing

Data from the atlas detector is stored and reprocessed in various stages, starting from the raw data
as delivered by the detector. This data is calibrated and processed, reducing the information to the
amount necessary, yet controllable, for the analyzer. MC simulation of events is run as described in
Section 3.1 and the same reconstruction algorithms are run on simulated events as on data.

atlas computing model To cope with the large quantities of data produced by the detector and to
facilitate the analysis by numerous analyzers at various locations, computing and storage of atlas data
are based on two important principles: Object oriented programming and distributed computing on
the grid. Simulated and measured collision events are stored in �les following the object oriented
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programming paradigm and a hierarchical structure of subsequently smaller event formats. A common
framework called Athena provides collections of data-processing software [155].

Storage and analysis on the Grid atlas detector output is directly transferred to the CERN com-
puting center, where it is stored permanently and calibration and initial processing is performed. The
CERN computing facility acts as the Tier-0 in the World-wide lhc Computing Grid (WLCG) [156].
From there, the atlas data is distributed to thirteen Tier-1 computer centers, where copies of the raw
data are kept and the data is reprocessed. The Tier-1 facilities also provide computing power for the
generation of Monte Carlo simulation samples. In addition, about 160 computing centers are connected
to the WLCG as Tier-2 facilities, providing resources for end-user analyses.

4.3 Reconstruction and calibration

Signals measured in the detector need to be reconstructed with algorithms adapted to the respective
particle type in order to obtain candidates of objects to be used in the physics analysis. The same
reconstruction algorithm is applied to the simulated detector response in MC samples.

4.3.1 Jets

Jets are showers of hadrons which are generated when a parton is produced in the event. Jets in
atlas are reconstructed using clustering algorithms that can be run on any input consisting of four-
momentum objects. Experimentally, these can be calorimeter cells, combinations of calorimeter cells,
or charged tracks from the Inner Detector. The same algorithms can be applied to theoretically pre-
dicted yet non-observable objects such as partons or particles generated with a MC simulation (cf.
Section 3.1.7).

Two choices of calorimeter signals can be used as input for jet reconstruction in atlas: Calorimeter
towers or topological clusters [157]. "Calorimeter towers" consist of calorimeter cells within a �xed
grid of ∆η×∆φ = 0.1×0.1. In order to compensate for noise, towers with negative signals are merged
with neighboring towers within ∆R < 0.35 until the energy sum is positive. "Topological clusters"
are dynamically formed by clustering a seed cell with an energy greater than a certain threshold with
its directly neighboring cells. If the direct neighbors have an energy above a certain smaller threshold,
they are used as secondary seeds and clustered with their own direct neighbors. If no secondary seeds
are found in the vincinity of a seed, all nearest neighbors with a positive energy deposit are included
in the cluster. This clustering leads to an intrinsic noise suppression [157].

A jet clustering algorithm is run on this input to reconstruct jets in an event. In general, two types of
jet clustering algorithms exist: Cone algorithms cluster particles according to �xed spatial distances,
and sequential recombination algorithms cluster particles subsequently according to a minimized dis-
tance measure based on momentum and space. Any of these algorithms are required to be infrared
and collinear safe, which means that the addition of a soft or collinear emission, for which the emis-
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sion probability diverges, does not change the outcome of the algorithm. A variety of jet clustering
algorithms can be applied by the atlas reconstruction software, chosen depending on the study and
which type of QCD interactions are most relevant for the process.

Most common in atlas and used in the measurement of W±W±jj-EW in this work is the anti-kT

algorithm, a sequential recombination algorithm. For each topological cluster or calorimeter tower i,
two measures of distance,

di,j = min
(
p−2

T,i, p
−2
T,j

)
×∆R2

i,j/R
2

and
di,B = p−2

T,i

are determined, where ∆R2
i,j = (φi−φj)2 +(yi−yj)2 is the distance to any other object j in the event

and pT,i denotes the transverse momentum of object i. The cone size parameter R is �xed, usually to
a value from 0.4 to 1.2. For each object, the minimum of di,B and di,j is determined. If the minimum
is di,B , the object i is called a jet and removed from the list of input particles. If the minimum is di,j ,
the two objects i and j are combined by adding their four-momenta. This is repeated until all initial
objects have been assigned to a jet [158].

The atlas calorimeters’ response to hadronic showers is lower than their response to electromag-
netic showers, as a part of the hadronic showers’ energy deposit, occurring e.g. as nuclear excitation or
escaping muons and neutrinos, cannot be measured by the calorimeter. Since the atlas calorimeters
are not correcting for this e�ect, they are called non-compensating. Therefore, on top of the elec-
tromagnetic scale calibration (cf. Section 4.3.2), jets have to be calibrated to the full hadronic scale,
the so-called jet energy scale (JES). This calibration is based on MC simulation of QCD di-jet events,
assigning weights in dependence of the transverse momentum and the pseudorapidity, which allow
scaling the measurement to reproduce the truth-level particle momentum [159]. Additional corrections
are applied to correct for detector e�ects such as inactive material, and to correct the pseudorapidity
coordinate of the jet.

4.3.2 Electrons

Electron candidates are reconstructed in the following way: First, calorimeter clusters are built using a
“sliding window” algorithm on energy deposits in the electromagnetic calorimeter (using topological
clusters), in the area up to |η| < 2.47, excluding the transition region between barrel and endcap
(1.37< |η| < 1.52). Then, candidates for charged particle tracks in the inner detector which are seeded
by these calorimeter clusters are �tted with a track hypothesis, accounting for possible energy loss
through bremsstrahlung in the material. If at least one track is matched to the seed cluster according
to stricter ∆φ and ∆η criteria, they are combined to an electron object [160, 161].

Alternative algorithms can be seeded by the Inner Detector track, which is then matched to the clus-
ter, or they can be based on calorimeter signals only in the forward region beyond the Inner Detector’s
scope [162]. The electronics calibration of the EM calorimeter is applied to the signal in the front-end
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electronics cells in order to convert the signal into the corresponding energy deposit. This is corrected
for inactive material and leakage outside the cluster with corrections determined from MC simulation.
Finally, an in-situ calibration is determined from Z → ee events which allow for the calibration of the
electromagnetic energy scale [151, 160, 163].

4.3.3 Muons

The combination of tracks in the Inner Detector and in the Muon Spectrometer allows for e�cient and
precise reconstruction of muons. Di�erent strategies and algorithms exist for Muon reconstruction in
atlas. Muons candidates consisting of a full �t of tracks in the ID and the MS are called "combined
muons", while muon candidates reconstructed from a track in the MS only are called "standalone
muons". An ID track combined with one segment in the MS yields a "segment tagged muon", which
can occur in the case of low-pT muons. "Calorimeter tagged muons" consist of an ID track and a
signature of a minimum ionizing particle in the calorimeter [164].

TheW±W±jj measurement in this work uses the STACO algorithm [163, 165] which reconstructs
combined muons as outlined in the following. First, segments in the Muon Spectrometer indicating hits
by an incident muon are reconstructed and connected to form tracks. At the same time, inner detector
tracks are reconstructed by identifying hits in the Pixel and SCT, which are linked to form track seeds
in the inner layers. The track hypotheses are extended to the outer layers, adding measurements from
those layers. Then, the Muon Spectrometer tracks are extrapolated and matched to tracks in the Inner
Detector, accounting for multiple scattering and energy loss in the calorimeter. The quality of the track
match is measured according to the track vectors and their covariance matrices. If found to match well,
the two tracks are combined statistically based on the track vectors’ covariance matrices.

For the calibration of the Muon system, continuous alignment monitoring is required, as described
in Section 4.2.4. In addition, the conditions in the drift chambers and counters of the MDT subdetectors
is monitored daily, using a dedicated stream of high-pT single muon events, provided by the L2 muon
trigger for calibration [166].

4.3.4 Missing transverse energy

The measurement of missing transverse momentum, de�ned as a transverse momentum imbalance in
the x-y−plane in an event and denoted as Emiss

T , is the only way to infer information about neutrinos
produced in an event, as they always escape the detector.

Missing transverse momentum Emiss
T in an event is reconstructed by taking into account all energy

deposits in the calorimeter and in the muon chambers, as well as tracks of low-pT objects which did
not continue into the calorimeter and Muon Spectrometer. All objects which are considered for the
Emiss

T reconstruction are themselves reconstructed and calibrated. Noise suppression in the calorime-
ters is included by using only topological clusters and by subtracting pileup during the jet calibration.
For muons, the combined muon momentum is used, and the energy deposit in the calorimeter is ig-
nored, as it is counted towards the combined momentum [167].
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The transverse components in x and y of the Emiss
T are then calculated on the basis of these objects

as the negative sum of the respective x, y components pT,x(y) of the transverse momentum. The same
input is used for the total transverse momentum sum of an event.

4.4 Data taking operation and luminosity

The atlas detector has been in operation with a center-of-mass energy of 7 TeV in 2010 and 2011,
and a center-of-mass energy of 8 TeV in 2012. An integrated luminosity of 20.3 fb−1 of data from
the 2012 run was considered in the W±W±jj-EW measurement in this work. Figure 4.8 shows the
development over time of the integrated luminosity delivered by the lhc, as well as the luminosity
recorded by atlas and �agged as good quality to be used for physics analyses.
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Figure 4.8: Cumulative luminosity delivered by the lhc, recorded by atlas, and considered in physics analyses
over time in the years 2011 and 2012. The total integrated luminosity delivered at the atlas interaction point by
the lhc is shown by the sum of the blue, yellow, and green histogram. The blue and yellow histogram show the
luminosity fraction recorded by the atlas detector, re�ecting a DAQ ine�ciency as well as an ine�ciency due
to start-up periods in which no data can be recorded. The blue histogram indicates the integrated luminosity
which is �agged as good quality and can be used for analysis [168].

Luminosity measurement The absolute luminosity is measured using van derMeer (vdM) scans [169].
It can be determined from the beam parameters according to

L =
nbfrn1n2

2πΣxΣy
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where nb is the number of bunches colliding per revolution, fr is the revolution frequency, and n1, n2

are the number of protons per bunch in each of the two beams. These parameters are determined by
external lhc monitors. The horizontal and vertical convolved beam widths Σx and Σy are measured
in dedicated vdM runs by varying the beam separation. These dedicated runs are used to calibrate the
forward detector LUCID (see Section 4.2.5) and the Beam Conditions Monitor (BCM), which consists
of four diamond sensors arranged around the interaction point. Both of these devices allow the mea-
surement of the relative luminosity by counting events corresponding to a certain visible interaction
rate σvis. With the cross section of visible interactions determined during the vdM calibration run as
σvis = (µvis,vdM/LvdM)nbfr , the luminosity can be calculated according to

L =
µvisnbfr
σvis

.

The luminosity of the 2012 dataset has been determined up to an uncertainty of 2.8 % [170].

Schedule of the lhc The lhc as well as its experiments, including ATLAS, are undergoing hardware
upgrades at the time of writing. Operation will restart in the beginning of 2015 at a center-of-mass
energy of 13 TeV. Prospects for the measurement of electroweak gauge-boson scattering at higher
energy and higher luminosity are investigated in chapter 6.
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CHAPTER 5

Measurement ofW±W±jj production with

the atlas detector

As detailed in Section 3.2.4, W±W±jj is the most promising �nal state for a �rst measurement of a
process dominated by electroweak gauge boson scattering. Consequently, an analysis of W±W±jj
events in the �nal state of leptonically decaying W bosons with the atlas detector at the LHC with
√
s = 8 TeV has been performed in the scope of this work. The analysis has been published by the

atlas collaboration in [56] and is presented in this chapter. The aim of the analysis is the �rst mea-
surement of theW±W±jj-EW cross section and setting limits on anomalous quartic gauge couplings
in the WWWW vertex.

The measurement is carried out as a counting experiment. Thus, an event sample has to be se-
lected which contains as many as possible signal events while the background contribution must be
suppressed. The event selection is carried out in three steps: In the object selection step, the recon-
structed physical objects which are considered for the analysis are selected. Events are rejected or
reweighted based on detector performance and overall event structure in the baseline selection step.
In the event selection, signal events are identi�ed according to kinematic properties of the selected
objects.

The analysis is performed on the entire dataset of the LHC proton-proton collision run of 2012 at a
center-of-mass energy of

√
s = 8 TeV. The total luminosity collected by the atlas detector amounts to

20281.4 pb−1, assuming unprescaled triggers, with an uncertainty of 2.8 % determined with the method
described in [171].
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5 Measurement ofW±W±jj production with the atlas detector

5.1 Selection ofW±W±jj events

5.1.1 Object selection and corrections

In the �rst step of the analysis, object candidates obtained by running reconstruction algorithms on
the detector output are further selected according to requirements which are adapted and optimized
for the analysis of the W±W±jj �nal state.
W bosons from the W±W±jj-EW �nal state are detected through their leptonic decay prod-

ucts. Due to the large cross section of multijet processes at the LHC, which impedes the identi�-
cation of hadronically decaying W bosons, only leptonic decays (W → eνe,W → µνµ,W → τ(→
eνe, µνµ)ντ ) are considered. In the following, the term “lepton” will be used for charged leptons vis-
ible to the detector, i.e. electrons and muons, denoted by e and µ, respectively. Neutrinos, which are
also decay products of the W bosons, interact too weakly and therefore cannot be detected by the at-
las detector. An indication of neutrino production is given by the missing transverse energy variable
Emiss

T as described in 4.3.4. The outgoing quarks and gluons are observable through hadronic jets.
The following section gives an overview on the selection, requirements, and correction of these

physics objects and their kinematic properties.

Electrons

Electrons 1 in the W±W±jj analysis occur as decay products of the W bosons.
They are reconstructed and identi�ed as electron candidates as described in 4.3.2, and simply called

“electrons” from here on. In order to account for discrepancies found between simulated and measured
electrons, two corrections are applied on electrons in the simulation: Their energy is scaled to match a
residual η-dependent calibration obtained from Z → ee events [172] ,[173]. In addition, the electrons’
energy is smeared out in order to yield the same resolution as found in data [172]. The electron energy
E, pseudorapidty η, and azimuth φ are measured by the calorimeter. Provided a su�cient number of
hits in the SCT and Pixel detectors, the η and φ coordinates are taken from the tracker measurement
and the transverse momentum is obtained by scaling the energy by the tracker η coordinate as pT =

E/ cosh(ηtrack).
Thus de�ned electrons are subjected to further selection according to (atlas speci�c) measurement

quality requirements as well as kinematic properties:
Electrons are not considered if a hardware problem in the relevant liquid argon calorimeter region is

found. Only electrons found by the standard calorimeter cluster-based reconstruction algorithm, and
possibly in addition by an ID track-based algorithm, are used in this analysis. As calorimeter clusters
are matched with ID tracks for all electrons, only those with an η (as measured by the calorimeter)
of |η| < 2.4 can be used, excluding the transition region between barrel and endcap calorimeter, i.e.
1.37 ≤ |η| ≤ 1.52. For W±W±jj-EW signal electrons, this is reasonable as the W boson decay

1 In the analysis, the term “electron” refers to electron candidate objects, reconstructed in the detector as described in 4.3.2.
Their measured charge can be negative or positive, implying candidates originating from both electrons and positrons.
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products are expected to occur centrally in the detector (cf. 3.2.5). Furthermore, electrons are required
to pass the tight++ selection criteria [174], which implement cuts on shower shape, track quality,
transition radiation, and the quality of matching the ID track to the calorimeter tower [163] (p. 75). To
suppress backgrounds with soft electrons, only electrons with a transverse momentum of pT> 15 GeV
are selected. Avoiding the selection of particles not originating in the primary vertex, two cuts are
applied on the impact parameters of electron tracks: The longitudinal impact parameter z0 multiplied
by the polar angle component needs to ful�ll |z0 ·sin(θ)| < 0.5 mm. The transverse impact parameter,
scaled by its signi�cance, is restricted to d0

σ(d0) < 3. Finally, electrons should be su�ciently isolated
from surrounding energy deposits, which suppresses electrons originating from hadron decays in jets.
This is ensured by two relative isolation criteria: The total energy deposited in topo-clusters inside a
cone with radius R = 0.3 around an electron cluster’s center is required to be less than 14 % of the
electron’s transverse momentum. This cut is applied after correction of the energy of the topo-clusters
for leakage of energy from the electron itself [175] as well as an event-by-event ambient energy density
correction, which makes this cut robust against pile-up [176]. In addition, the sum of the transverse
momenta of all tracks in a cone with radiusR = 0.3 around an electron track is not allowed to exceed
6 % of the pT of the electron. The selection of electrons is summarized in Table 5.1.

Muons

Muons2 in theW±W±jj �nal state occur as decay products of theW bosons. They are reconstructed
by the STACO algorithm [177] as described in 4.3.3, which combines a track in the ID with a track in
the MS. They are required to ful�ll the tight quality criteria for combined muons as provided by the
Muon Combined Performance group within atlas [178].

Additionally, kinematic cuts are applied to select muons further. Their transverse momentum is
required to be pT> 15 GeV and the pseudorapidity |η| < 2.5. Quality criteria on the muon tracks both
in the ID and the MS are applied, requiring certain minimum numbers of hits in the subdetectors of
the ID [179] to ensure good quality muons.

Furthermore, to select only muons originating in the primary vertex of the collision, the impact
parameters of the combined muon track are required to be |z0 · sin(θ)| < 0.5 mm for the longitudinal
impact parameter and d0

σ(d0) < 3 for the transverse impact parameter of the muon w.r.t. the primary
vertex. The energy deposited in calorimeter cells or tracks within cones of size ∆R = 0.3 normalized
by the pT of the muon have to be lower than 7 % to retain isolated muons. It is ensured that the charge
measured from the track curvature in the ID has the same sign as the charge measured from the MS
track. All selection criteria applied on muons are summarized in Table 5.1.

Jets

Jets are reconstructed according to Section 4.3.1 using the anti-kT jet reconstruction algorithm [180]
with a jet radius parameter of R = 0.4 on topological calorimeter clusters [163, p. 268 �.]. The jets

2 Muons and anti-muons are equally considered, cf. previous footnote.
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are calibrated to the EM+JES scale [159]. Calibrated jets are further selected according to kinematic
properties. A transverse momentum cut pT > 30 GeV is applied to suppress soft-QCD background
events. Since the tagging jets are expected to be rather forward in the detector, jets up to |η| <
4.5 are considered in the analysis. Bad quality jets are rejected according to the BadLooseMinus

criterion based on requirements on the quality of track and calorimeter entries. In order to reduce the
contribution from pileup jets, those jets within ID acceptance |η| < 2.4 and with su�cient momentum
(pT > 50 GeV) are required to have a Jet Vertex Fraction of JVF> 0.5. The JVF is a measure
of the contribution by tracks from a speci�c vertex to a given jet, and aims to reject jets with large
contribution from pile-up [181].

In addition, a b-tagging algorithm is used to label jets originating from b-quarks in order to suppress
backgrounds with t-quark decays. The algorithm of choice is the MV1-tagger [182, 183] at the 70%
working point with a MV1-weight of MV1> 0.8119. However, it can only be applied to jets up to
|η| < 2.5. The selection criteria for jets are summarized in Table 5.1.

Overlap removal

In some cases, reconstruction algorithms are not mutually exclusive, i.e. a detected object can be
reconstructed by multiple algorithms, yielding duplicate physics objects. A so-called overlap removal
procedure is applied in order to remove these duplicates.

1. The jet reconstruction algorithm is run on topological clusters in the calorimeter, which can
also be caused by electrons depositing energy in the electromagnetic calorimeter. Therefore,
electrons are reconstructed by the jet algorithm and appear as reconstructed jet objects in the
data record and the object selection. In order to eliminate these objects from the list of jets, any
reconstructed jet closer than ∆R = 0.3 to a reconstructed electron is removed from the event.

2. Muons can cause knock-on electrons while passing the detector. Therefore, if a selected muon is
accompanied by a selected electron within a radius of ∆R = 0.1, the electron is removed from
the electrons list.

The overlap removal is only applied on the nominally selected leptons according to the criteria listed
above. Possible additional leptons reconstructed in the event are not a�ected by the overlap removal
procedure.

All selection requirements applied in the object selection step are summarized in Table 5.1.
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Object selection criteria

Electrons accept if comment
author: 1 or 3 Cluster based reconstruction
quality �ag OQ==0,
bitmask 1446==0

No problematic LAr cell found

pT > 15 GeV Transverse momentum
|η| < 2.47 and not 1.37 ≤ |η| ≤ 1.52 η as measured by the calorimeter
quality: tight++ High quality requirements
|z0 · sin(θ)| < 0.5 mm Longitudinal impact parameter
d0

σ(d0) < 3 Transverse impact parameter scaled by its
signi�cance

topoEtcone30 (corrected) / pT < 0.14 Relative calorimeter isolation
ptcone30 / pT < 0.06 Relative track isolation

Muons accept if comment
quality isCombined Combined track in ID with track in MS [177]
|η| < 2.5 Pseudorapidity
pT > 15 GeV Transverse momentum
Certain number of hits in pixel, sct,
and trt

Track requirements on hits in the ID [179]

|z0 · sin(θ)| < 0.5 mm Longitudinal impact parameter
d0

σ(d0) < 3 Transverse impact parameter scaled by its
signi�cance

topoEtcone30 (corrected) / pT < 0.07 Relative calorimeter isolation
ptcone30 / pT < 0.07 Relative track isolation
q/p (MS) × q/p (ID) > 0 Same sign of the charge in ID and MS

Jets accept if comment
pT > 30 GeV Transverse momentum
|η| < 4.5 Pseudorapidity
jet cleaning No BadLooseMinus jets
JVF > 0.5 Jet Vertex Fraction for jets with |η| < 2.4,

pT < 50 GeV

Overlap removal between nominal electrons, jets, and muons:

Electron – jet overlap removal
Remove jet if ∆R(e, j) < 0.3

Muon – electron overlap removal
Remove electron if ∆R(µ, e) < 0.1

Table 5.1: Summary of selection criteria for analysis objects with atlas speci�c terminology.
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5 Measurement ofW±W±jj production with the atlas detector

5.1.2 Baseline selection of events

Events are subject to several quality requirements imposed on the performance of the detector. Events
passing this selection provide a baseline of events ready for the analysis.

Event corrections

Events are rejected if they are not included in a list of atlas runs with good overall detector perfor-
mance, provided in a “Good Run List” [184]. In order to match MC events to the pileup conditions
found in the dataset, the events in each MC sample are reweighted such that the sample’s distribution
of average number of pileup interactions 〈µ〉 reproduces the 〈µ〉 distribution in the used dataset. The
position of the beam spot along the z-axis depends on beam conditions. Therefore, the vertex of the
hard interaction in MC events is shifted along the z coordinate such that it matches the z-distribution
of primary vertices in the collision dataset [185].

Detector performance

Additionally, events with selected objects concerned by faulty regions in the detector are rejected:
Events with noise bursts in the liquid argon calorimeter are vetoed as well as events with corrupted
tiles in the tile calorimeter. Events with missing information from a subdetector are removed using
the coreFlag variable. If a selected jet is pointing to a hot cell in the tile calorimeter, the event is not
used [186]. Furthermore, events with selected jets passing the IsLooserBadJet [187] algorithm are
removed. The primary vertex, i.e. the vertex with the largest

∑
p2

T(tracks), is required to originate
from at least three tracks.

Triggers

The High-Level Trigger information for the remaining events is retrieved to check if one of the ac-
cepted trigger chains has been activated by the event. If not, the event is rejected. Duplicate events
from the Egamma and Muon data streams are removed consistently. All selection criteria counted
towards the baseline selection are summarized in Table 5.2.

5.1.3 Signal selection

Further selection criteria are applied on the baseline events in order to identify the �nal state of
`±`±jj + Emiss

T .
First, the trigger requirement is reinforced by matching selected electrons and muons to objects

which have �red the trigger responsible for writing the event. To this e�ect, the transverse momenta
of all muon and electron candidates are compared to the respective trigger threshold. If the trig-
ger threshold is exceeded by the transverse momentum of the lepton by at least 1 GeV, and the ∆R

distance between trigger tower and lepton candidate is smaller than ∆R < 0.15 (0.1) for electrons
(muons) [188], the lepton candidate is assumed to be the object to have �red the trigger. The number
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5.1 Selection ofW±W±jj events

Baseline event selection

Good Run List data12_8TeV.periodAllYear_DetStatus-v61-pro14-
02_DQDefects-00-01-00_PHYS_StandardGRL_All_Good.xml

Pileup reweighting Re-weight MC according to average number of pileup interactions
Vertex reweighting Smear z position of primary vertices in MC

LAr calorimeter error Veto event if larError == 2
Tile calorimeter error Veto event if tileError == 2

Incomplete events Veto event if (coreFlags&0x40000) != 0
Hot Tile Veto event if it contains jets in η ≈ −0.15, φ ≈ 2.7 (close to hot cell)

during periods B1 and B2
Emiss

T cleaning Remove events with bad quality jets
Primary vertex At least three tracks reconstructed at primary vertex

Trigger Accepted triggers: EF_e24vhi_medium1, EF_e60_medium1,
EF_mu24i_tight, EF_mu36_tight

Lepton scale factors Re-weight MC events according to trigger e�ciency

Table 5.2: Summary of baseline event selection.

of electrons and muons to have �red a trigger has to be non-zero in order for the event to pass this
validity check. Event weights are corrected according to lepton trigger scale factors in order to match
the trigger e�ciency in data [189, 190].

W±W±jj selection

In this analysis, W±W±jj events are measured in two di�erent phase space volumes: The more in-
clusive volume is utilized for the measurement of the inclusive production of W±W±jj events, i.e.
the combination of V V jj-EW and V V jj-QCD production mechanisms. Since the inclusive produc-
tion of W±W±jj has not been measured previously, measuring the combined process is a necessary
step for the extraction of the W±W±jj-EW cross section. Although the QCD-mediated production
of W±W±jj does not contain electroweak gauge boson scattering and a quartic gauge vertex at tree-
level, it is important to probe the SM prediction of this process and its modeling by MC generators.

The following selection criteria are applied to enhance the fraction ofW±W±jj events in the sam-
ple:

Each event is required to contain exactly two selected leptons with pT > 25 GeV. In order to sup-
press contributions from processes with more than two leptons in the �nal state, an additional lepton
veto is applied: Requiring exactly two leptons selected according to the criteria listed in Section 5.1.1
introduces a large number of events with three prompt leptons from WZ/γ∗ where one of the lep-
tons is not accepted by these rather tight selection cuts. In order to suppress this contribution, any
event containing additional leptons selected separately from the nominal leptons according to looser
identi�cation and isolation requirements are rejected.
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5 Measurement ofW±W±jj production with the atlas detector

In contrast to the nominal electrons which are required to be of tight++ quality and pass rather
tight calorimeter and track isolation requirements, the additional electrons are only required to be of
loose++ quality. A transverse momentum down to pT > 7 GeV is accepted. No calorimeter isolation
requirement is applied on the additional electrons, and the track isolation requirement is relaxed.
Additional muons can be of loose quality and have a transverse momentum as low as pT > 6 GeV.
No calorimeter isolation and a relaxed track isolation are required for additional muons. The selection
criteria for additional leptons are listed in Table 5.3.

Object selection criteria for additional leptons

Electrons accept if comment
author: 1 or 3 Cluster based reconstruction
quality �ag OQ==0,
bitmask 1446==0

No problematic LAr cell found

pT > 7 GeV Transverse momentum
|η| < 2.47 and not 1.37 ≤ |η| ≤ 1.52 η as measured by the calorimeter
quality: loose++ Low quality requirements
|z0 · sin(θ)| < 0.5 mm Longitudinal impact parameter
d0

σ(d0) < 3 Transverse impact parameter scaled by its
signi�cance

topoEtcone30 (corrected) / pT<∞ No calorimeter isolation
ptcone30 / pT < 0.13 Looser relative track isolation

Muons accept if comment
isCombined or segment tagged Muon quality [177]
|η| < 2.5 Pseudorapidity
pT > 6 GeV Transverse momentum
Certain number of hits in pixel, sct,
and trt

Track requirements on hits in the ID

|z0 · sin(θ)| < 0.5 mm Longitudinal impact parameter
d0

σ(d0) < 3 Transverse impact parameter scaled by its
signi�cance

topoEtcone30 (corrected) / pT<∞ No calorimeter isolation
ptcone30 / pT < 0.15 Looser relative track isolation

Table 5.3: Selection of additional leptons (“veto leptons”) which are vetoed in the event selection.

In the remaining events, each muon is required to be separated from any jet by ∆R > 0.3, otherwise
the event is vetoed. Events are selected if the two selected leptons are of the same electric charge and
their invariant mass isM`,` > 20 GeV. This cut is adopted in order to reject the lowM`,`) region which
is prone to generator mis-modelling (cf. Page 3.2.5).

The data sample is split into three orthogonal channels according to their number of electrons and
muons, respectively. These channels will be denoted by ee (two electron channel), µµ (two muon
channel), and eµ (one electron and one muon channel). The same signal selection is applied in the
three channels, except for aZ window cut which is only applied in the ee channel, where the invariant
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5.1 Selection ofW±W±jj events

mass of the two leptons is required to be di�erent from the Z boson mass by at least 10 GeV.
Events are further rejected if the missing transverse momentum amounts to less than 40 GeV. Each

event is required to contain at least two jets with transverse momentum pT > 30 GeV and |η| < 4.5.
If at least one of the jets is b-tagged, the event is rejected. Finally, a cut on the invariant mass of the
two hardest jets of Mjj > 500 GeV is applied. Selection criteria applied to select the events in the
Inclusive analysis region are summarized in Table 5.4.

All selection requirements have been optimized to yield the largest signal signi�cance [191].

W±W±jj-EW selection

For the measurement of the purely electroweak production of W±W±jj, the phase space is further
restricted by applying a cut on the rapidity separation of the two hardest jets of |∆y(j, j)| > 2.4 is
applied. Table 5.4 summarizes the event selection criteria.

Inclusive
selection

Signal criteria

ee eµ µµ

2 electrons 1 electron, 1 muon 2 muons
Trigger matching

Both leptons pT > 25 GeV
Veto events with additional leptons

∆R(µ, j) > 0.3
M(`, `) > 20 GeV

Both leptons same electric charge
|Mee −mZ | > 10 GeV – –

Emiss
T > 40 GeV

At least 2 jets with pT(j) > 30 GeV and |η|(j) < 4.5
No b-tagged jets
Mjj > 500 GeV

VBS selection |∆y(j, j)| > 2.4

Table 5.4: Summary of signal event selection for the Inclusive and VBS phase spaces.

One event selected according to the W±W±jj-EW selection is shown in Figure 5.1. As a candidate
for a W±W±jj-EW event, it features two very forward jets with large invariant mass Mjj and large
rapidity separation.

5.1.4 Fiducial phase space

For the cross section measurement and theoretical calculations, two �ducial regions are de�ned on
truth level, closely following the analysis selection. The “Inclusive phase space” is de�ned for the
extraction of the full W±W±jj production, while the purely electroweak production of W±W±jj is
extracted in the “VBS phase space”.
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5 Measurement ofW±W±jj production with the atlas detector

Figure 5.1: Event display of an event with two positively charged muons µ+µ+ in the VBS region. The invariant
mass of the tagging jets is Mjj = 2800 GeV and their rapidity separation |∆y(jj)| = 6.3. Red tracks signify
muon tracks. The two yellow cones are the tagging jets which are found at η = 2.9 with pT = 271 GeV and at
η = −3.4 with pT = 54 GeV. The blue arrow points in the direction of the Emiss

T vector [56].

Inclusive phase space

The phase space de�nition is based on objects selected as follows:

• Leptons are de�ned as “dressed” leptons by adding the four-momenta of all photons within
∆R = 0.1 from the �nal state lepton to its four-momentum. In order to avoid photons from jet
hadronization to enter the lepton de�nition, the selection of the highest pT lepton is based on
the leptons before adding photon momenta.

• Jets are clustered by using a jet reconstruction algorithm on all �nal state objects except for
muons and neutrinos, and removing jets found within a distance of ∆R = 0.05 of an electron.

• Events with selected leptons originating from τ decays are removed.

The Inclusive phase space region is then de�ned by requiring

• two leptons with pT > 25 GeV, |η| > 2.5, M`` > 20 GeV, ∆R(``) > 0.3 and same electric
charge,

• missing transverse momentum Emiss
T > 40 GeV,

• at least two jets reconstructed with the anti-kt algorithm with jet parameter R = 0.4 and with
pT > 30 GeV, |η| < 4.5,

• ∆R(`, j) > 0.3 for any pair of selected jets and leptons, and

• Mjj > 500 GeV for the two jets with largest pT.
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5.2 Background estimates

VBS phase space

In addition to the Inclusive phase space selections, the VBS �ducial region is de�ned by selecting events
with

• rapidity di�erence |∆y(jj)| > 2.4 for the two jets with largest pT.

The two jets with largest pT are referred to as “tagging jets”, since they allow for the tagging of the
VBS process by means of the cut on their invariant mass and (pseudo)rapidity di�erence.

Figure 5.2a illustrates the selection on the invariant mass of the tagging jets, applied after all cuts
of the Inclusive selection except the Mjj requirement. The cut on Mjj > 500 GeV is chosen in order
to suppress a large amount of background while enhancing the signal contribution. The absolute
di�erence of rapidities of the tagging jets is shown in Figure 5.2b.
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Figure 5.2: Distributions of Mjj and |∆η(jj)| before the selection on the respective observable is applied. The
hatched area represents the systematic error on the total prediction.

5.2 Background estimates

Background events mimicking the �nal state of two same-charge leptons, missing transverse momen-
tum, and two jets, although not containing electroweak or QCD-mediated W±W±jj production as
de�ned in Section 3.2.1 arise for various reasons:

• Background with additional prompt leptons: Two same-charge leptons are produced in the hard
scattering process in addition to one or more leptons which are not detected. Leptons from
the hard scattering are referred to as “prompt leptons”. This background is dominated by the
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5 Measurement ofW±W±jj production with the atlas detector

�nal states from processes containing the production of two electroweak gauge bosons, called
“diboson” processes.

• Charge mis-identi�cation (or charge �ip) background: Two opposite-charge prompt leptons are
produced, but for one of them the charge is incorrectly reconstructed.

• Background with mis-identi�ed (or fake) leptons: One or both of the selected leptons are not
originating in the hard scattering, but in the decay or mis-identi�cation of jets or photons.

• Double parton interaction background: The �nal state leptons and jets are produced in di�erent
hard scattering vertices through multiple parton interactions.

The physical processes leading to these backgrounds as well as the estimate of background contribu-
tions in the signal region is described in this section.

5.2.1 Background with additional prompt leptons

Background contributions due to additional prompt leptons not passing the selection criteria arise
from production of two electroweak gauge bosons such as WZ/γ∗+jets and ZZ/γ∗+jets production,
referred to as “diboson” production. In addition to leptonic decays of W or Z bosons in diboson
production yielding events with more than two prompt leptons, semi-leptonically decaying tt̄ pairs
with an associated vector boson which decays into leptons contribute events with additional leptons.
Contributions in the signal region from WZ/γ∗jj, ZZ/γ∗jj, and tt̄ + V are estimated using MC
simulation.

Background from diboson production is the largest contributing process in the signal regions (see
Table 5.10). The largest contribution is from WZ/γ∗+jets production. In the following, the produc-
tion of WZ/γ∗jj is referred to as W±Zjj production, where the γ∗ contribution is implied as it is
experimentally not separable from the Z boson.

In the signal selection, events from processes with one ore more additional prompt leptons are
suppressed by selecting exactly two leptons and by vetoing events which contain additional leptons
selected with looser quality and isolation requirements than the nominal leptons. Selection criteria for
the additional leptons deviating from those criteria for nominal leptons are given in Table 5.3.

The contribution of this background to the signal region is estimated from MC and cross-checked in
a control region selected by requiring a third lepton which passes the selection of additional leptons.
All other cuts are applied as in the nominal event selection (Table 5.4), omitting the requirement on
Mjj and |∆y(j, j)| to retain statistics and to probe a more inclusive phase space. In Figure 5.3, the
distributions of Mjj and |∆y(j, j)| in this control region with an additional lepton are shown. Good
agreement between data and the MC prediction dominated by W±Zjj production is observed.
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Figure 5.3: Kinematic distributions of the tagging jets in a control region requiring at least one additional veto
lepton selected according to Table 5.3. In the Mjj distribution, the last bin contains the over�ow.

Rejection of additional leptons

Background from diboson processes and tt̄ + V production can be rejected by removing events con-
taining additional prompt leptons. In the �rst step, selecting exactly two nominal leptons passing the
nominal lepton requirements (Table 5.1) rejects a large part of the contribution from backgrounds with
additional leptons. To further improve the background rejection, events with one or more additional
leptons passing lower kinematic thresholds and looser quality requirements are rejected. The loosened
criteria for selecting the additional leptons (“veto leptons”) are summarized in Table 5.3. Looser crite-
ria are applied on the quality algorithm used for the electron selection. Muons used for the additional
lepton selection can be combined muons or segment tagged muons, i.e. an inner detector track with
only one associated segment in the muon spectrometer is su�cient, while nominal muon selection
only uses combined muons with a full track in the muon spectrometer. Kinematically, the acceptance
is increased by lowering the requirement on the transverse momentum. This aims at vetoing leptons
produced in WZ/γ∗ with pT < 15 GeV, as additional leptons with pT > 15 GeV are rejected by the
nominal requirement of exactly two leptons. In addition, the requirement on the track isolation of
electrons and muons, de�ned as the sum of the energy of other tracks surrounding the lepton’s track
within a distance of ∆R < 0.3 (“pTcone30”) is loosened. The calorimeter isolation, i.e. the energy
sum of calorimeter cells in a cone of ∆R < 0.3 around the reconstructed lepton (“ETcone30”), is not
restricted for additional leptons.
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5 Measurement ofW±W±jj production with the atlas detector

The selection of additional leptons is illustrated in Figures 5.4a to 5.6b. The shown distributions
contain any additional leptons selected according to the veto criteria (Table 5.3) but with looser cuts on
the transverse momenta of electrons and muons, pT > 1 GeV and the track isolation pTcone30/pT < 3.
These leptons are selected separately from the nominal leptons, which are not included. All event
selection cuts according to the VBS phase space except for the veto on additional leptons are applied.
Figures 5.4a and 5.4b show the pT distributions of thus selected muons and electrons, respectively.
Since soft muons and electrons are present also in the signal process, the pT threshold of the veto
lepton is set to 7(6) GeV for electrons (muons).
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Figure 5.4: Distribution of the transverse momenta of additional, loosely selected leptons in the Inclusive analysis
region without a third lepton veto. Leptons are required to have a transverse momentum pT > 1 GeV and the
track isolation pTcone30/pT < 3. The last bin contains the over�ow.

The distributions of the track isolation of additional electrons and muons are depicted in Figures 5.5a
and 5.5b, respectively. In order to reject additional leptons in backgrounds with more than two prompt
leptons, the track isolation of veto leptons is set to 13 % of the transverse momentum for electrons,
and 15 % of the transverse momentum for muons.

Figures 5.6a and 5.6b show the relative calorimeter isolation of additional electrons and muons,
respectively. No calorimeter isolation is required for additional leptons.
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Figure 5.5: Distributions of the relative track isolation of additional, loosely selected leptons in the Inclusive
analysis region without a third lepton veto. Leptons are required to have a transverse momentum pT > 1 GeV
and the track isolation pTcone30 / pT < 3. The last bin contains the over�ow.
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Figure 5.6: Distributions of the relative calorimeter isolation of additional leptons in the Inclusive analysis region
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99



5 Measurement ofW±W±jj production with the atlas detector

While the signal process W±W±jj-EW as well as the W±W±jj-QCD background are not sig-
ni�cantly reduced by the stricter selection, the W±Zjj background is reduced by 28 % in the VBS
analysis region summed over all channels, resulting in a larger signi�cance of the measurement. In
the Inclusive analysis region, the veto leads to a decrease of the W±Zjj contribution by 32 %.

The comparison of event yields in the VBS signal region with and without the strict veto is given in
Table 5.5.

Process without strict veto with strict veto

W±W±jj-EW 13.87 ± 0.25 13.80 ± 0.25

W±W±jj-QCD 1.35 ± 0.06 1.34 ± 0.06
W±Zjj 10.87 ± 0.44 7.85 ± 0.38
ZZjj 0.15 ± 0.04 0.11 ± 0.04
Wγ 1.94 ± 0.4 1.94 ± 0.4
tt̄+ V 0.21 ± 0.03 0.17 ± 0.03

Data 38.0 34.0

Table 5.5: Comparison of event yields of diboson and tt̄+V processes in the VBS region summed over the three
�nal states for the selection without applying a veto on additional leptons and the selection with such a veto. In
the case without strict veto, exactly two nominal leptons according to Table 5.1 are required.

Composition of theW±Zjj background

The W±Zjj �nal state can be produced via electroweak vertices only (W±Zjj-EW) or with QCD
vertices included (W±Zjj-QCD). The W±Zjj-EW contribution, which also contains vector boson
scattering, accounts for (17 ± 1) % of the combined W±Zjj-EW and W±Zjj-QCD event yields in
the Inclusive region, and (19 ± 2) % in the VBS region. Event yields split by the electroweak and
QCD-mediated production of W±Zjj are listed in Table 5.6. Interference between W±Zjj-EW and
W±Zjj-QCD (cf. Section 3.2.3) is neglected.

ee eµ µµ

Inclusive region

W±Zjj-EW 0.46 ± 0.04 0.92 ± 0.05 0.42 ± 0.03
W±Zjj-QCD 2.29 ± 0.22 4.64 ± 0.31 1.95 ± 0.21

VBS region

W±Zjj-EW 0.37 ± 0.03 0.8 ± 0.05 0.35 ± 0.03
W±Zjj-QCD 1.69 ± 0.19 3.19 ± 0.26 1.46 ± 0.19

Table 5.6: Contributions from W±Zjj-EW and W±Zjj-QCD in the signal regions of the W±W±jj selection.

The WZjj background contains diagrams with b quarks in the initial and �nal state, for instance
as illustrated in Figures 5.7a and 5.7b.
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Figure 5.7: Feynman diagram of contributions from b quarks to the �nal state ofWZjj, included in the de�nition
of W±Zjj production.

Their contribution to the signal region is suppressed by the application of a b tagging algorithm
and the rejection of events containing at least one jet tagged as a b jet. Nevertheless, a contribution
of events with b quarks in the matrix element remains in the signal regions. According to the MC
truth record, 15±2 % ofW±Zjj-EW events in the Inclusive region contain b quarks, and 16±2 % of
W±Zjj-EW events in the VBS region. In the W±Zjj-QCD contribution, events containing b quarks
(cf. Fig. 5.7b) account for 5± 2 % of events in the Inclusive region and 5± 1 % in the VBS region.

5.2.2 Charge mis-identified background

Another background to W±W±jj events is caused by events with a hard-scattering �nal state con-
taining two opposite-sign leptons, when the charge of one lepton is mis-identi�ed such that the
event passes the same-sign requirement, as a so-called charge-�ip event. Even though charge mis-
identi�cation rates are low, processes like Z+jets or tt̄ production have large cross sections com-
pared to W±W±jj production and can thus enter the signal region in a sizable amount. Apart from
the same-charge requirement, a high cut on Emiss

T also reduces the background due to charge mis-
identi�cation in Z+jets production.

Charge mis-identi�cation of combined muons is highly unlikely and is therefore neglected in this
study [192]. Two reasons exist for the charge of an electron to be incorrectly measured: In the in-
ner detector, an electron can emit highly energetic bremsstrahlung which can produce an electron-
positron-pair in the detector material. If the particle with higher momentum is the one with charge
opposite to the original electron, the reconstructed lepton is measured with opposite charge to the
prompt lepton from the scattering. Furthermore, the charge of an electron can be mis-measured due
to incorrect association of tracks to clusters or a mis-reconstructed track in the inner detector. In both
cases, the energy of the measured electron di�ers from the momentum of the prompt electron from
the hard scattering.

The charge-�ip rate has been measured in data by selecting events with ee pairs with an invariant
mass close to the Z boson mass (70 GeV < Mee < 100 GeV) [191]. This sample is dominated by
Z → ee events, with small contributions from WZ production which are removed by subtracting the
MC based estimate of these contributions. The remaining sample is assumed to contain only Z → ee

events, such that any event with a same charge lepton pair must have had one lepton’s charge mis-
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5 Measurement ofW±W±jj production with the atlas detector

identi�ed. Double charge mis-identi�cation are neglected, as the charge-�ip rates are very low. A
likelihood with Poissonian probability is used to extract the charge-�ip rates from the number of
opposite-sign and same-sign events in the Z → ee sample.

0.0
03

5

0.0
12

0.0
36

0.1
7

0.2
6

0.3
3

0.4
3

0.8
6

1.6

0.0
11

0.0
26

0.0
59

0.2
6

0.3
8

0.4
3

0.5
6

1.3 1.9
0.0

09
0.0

21
0.0

54
0.2

3
0.3

7
0.4

1
0.6

7
1.5 2.1

0.0
19

0.0
41

0.0
43

0.3
2

0.4
4

0.4
9

0.7
4

1.7 2.4
0.0

2
0.0

47
0.1

1
0.4

6
0.6

5
0.5

5
1.1 1.9 2.9

0.1
1

0.1
3

0.3
2 1 1.4 1.2 1.5 4.3 5.3

0.2 0.4
9

0.5
5

1.8 2.3 1.7 2.6 7.6 5.7

|η|
0 0.5 1 1.5 2 2.5

 [G
eV

]
T

P

210

310

C
ha

rg
e 

m
is

-id
en

tif
ic

at
io

n 
ra

te
 [%

]

-210

-110

1

Figure 5.8: Charge mis-identi�cation rate measured in a Z → ee data sample with electrons selected according
to nominal selection criteria. Rates are given in bins of |η| and pT. From [191, 193].

Due to the mis-measurement, the pT of the measured object generally deviates from the pT of the
original lepton. An energy correction, both by shifting and by smearing the electron’s energy, is
applied to the charge-�ipped electrons.

To determine the contribution of background due to charge-�ip in the signal region, a data sample
is selected with the same criteria as the signal baseline selection. In these events, the charge of each
electron is conjugated and the event weight is scaled by the electron’s charge-�ip rate according to
its η and pT coordinates. This is done separately for each electron in an event. The contribution from
events with charge mis-identi�cation is cross checked in several orthogonal control regions [191].

The main uncertainties of the estimate of background due to charge mis-identi�cation arise from the
uncertainty of the energy shift due to mis-measurement of the track and from the statistical uncertainty
of the charge mis-identi�cation rate. Both are varied within their uncertainties and the e�ect of the
variation is propagated to the signal regions. Final systematic uncertainties of the background estimate
are summarized in Section 5.3.3.

5.2.3 Background with mis-identified leptons

Events with one prompt lepton and one or more jets contribute as background to W±W±jj produc-
tion when an additional lepton is reconstructed from a jet as a so-called “fake lepton”. Events from
processes such as W+jets, tt̄ with one hadronically decaying W boson, and single top production are
caused to enter the signal region if one of the associated jets is reconstructed as a lepton by the recon-
struction algorithm, or if a lepton from a hadronic decay within a jet passes the selection criteria. This
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5.2 Background estimates

background contribution is suppressed by requiring strict isolation of leptons and large Emiss
T .

The probability for a jet to be mis-identi�ed as a lepton has been measured in a data sample with two
jets in the �nal state, called “dijet sample”, selected with one tagging jet passing nominal jet selection
criteria (Table 5.1) and one reconstructed lepton with ∆φ(`, j) > 2.8. By requiring the lepton to be
back-to-back with the jet, and the transverse mass of the lepton and the missing transverse momentum
to be MT(`, Emiss

T ) < 40 GeV, it is ensured that this sample contains only dijet events [191].
The fake rate is then de�ned as the ratio of the number of events in which the lepton passes the

tight nominal selection criteria (Table 5.1) to the number of events in which it passes the orthogonally
de�ned selection criteria for “loose leptons” (Table 5.7),

flepton =
Ntight

Nloose
. (5.1)

Object selection criteria for loose leptons

Electrons accept if comment
author: 1 or 3 Cluster based reconstruction
quality �ag OQ==0,
bitmask 1446==0

No problematic LAr cell found

pT > 15 GeV Transverse momentum
|η| < 2.47 and not 1.37 ≤ |η| ≤ 1.52 η as measured by the calorimeter
quality: loose++ Low quality requirements
|z0 · sin(θ)| < 5 mm Longitudinal impact parameter
d0

σ(d0) < 10 Transverse impact parameter scaled by its
signi�cance

0.14 < topoEtcone30 (corrected) /
pT < 2.0

Calorimeter isolation

0.06 < ptcone30 / pT < 2.0 Relative track isolation

Muons accept if comment
isCombined and tight Muon quality [177]
|η| < 2.5 Pseudorapidity
pT > 15 GeV Transverse momentum
Certain number of hits in pixel, sct,
and trt

Track requirements on hits in the ID

|z0 · sin(θ)| < 5 mm Longitudinal impact parameter
d0

σ(d0) < 10 Transverse impact parameter scaled by its
signi�cance

0.07 <topoEtcone30 (corrected) / pT

< 2.0
Calorimeter isolation

0.07 < ptcone30 / pT < 2.0 Relative track isolation

Table 5.7: Selection of leptons with lower quality, loose leptons, for the estimation of background contribution
due to mis-identi�ed jets.
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5 Measurement ofW±W±jj production with the atlas detector

The fake factor flepton is measured in bins of |η| and pT. Figures 5.9a and 5.9b shows the fake factors
determined by the above described method in dependence of the transverse momentum for electrons
and muons, respectively.
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Figure 5.9: Fake factors determined with the dijet method [191]. The total uncertainty is given by the error bars,
where the inner section shows the statistical uncertainty only.

The contribution of fake leptons in the signal region is estimated by applying these fake factors on
a sample of Ntight+loose events in which one lepton passes the nominal lepton selection, and another
lepton is selected according to loose lepton selection criteria listed in Table 5.7. Contribution from
processes with prompt leptons in the dijet sample, namelyW+jets andZ+jets processes, are subtracted
based on MC. Each event is then scaled by flepton(pT,loose, ηloose) according to the kinematic properties
of the loosely selected lepton as

Nfake bg = flepton ×Ntight+loose. (5.2)

The contribution from fake leptons is cross checked in several control regions. Final yields are given
in Table 5.10.

The main systematic uncertainties on this background estimate are evaluated as follows: An un-
certainty of the fake factors is introduced by the selection of the loose leptons in the dijet sample. By
varying the cut onMT(`, Emiss

T ) by 5 GeV and the ∆φ(`, j) criterion by 0.1, the uncertainty of the fake
factors is estimated and propagated to the signal region. The normalization of the subtraction samples
with prompt leptons is varied within its uncertainty, determined from a control region. This varia-
tion is propagated to the �nal signal regions. The arising systematic uncertainties are summarized in
Section 5.3.3.
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5.2.4 Double parton sca�ering background

Hadronic collision events containing two or more hard interactions with momentum transfer of the
same order of magnitude constitute the double-parton scattering (DPS) processes. The simulation and
measurement of double- and multi-parton interaction processes are subject to large uncertainties. The
�rst measurement of W+dijets production via DPS has been performed with atlas [101]. In general,
for the simulation, the correlation between the two parton interactions is neglected, and instead the
product of the cross-sections of the two processes is scaled by an e�ective area parameter related to the
inelastic proton-proton scattering cross-section σeff ≈ 15 mb [194]. For the �nal state of W±W±jj,
events from DPS processes can enter the signal region if one gauge boson is produced at each of the
vertices, or if a gauge boson pair is produced at one vertex and two jets at the other vertex. The latter
contribution is included in the modelling of underlying event in the Sherpa samples used for the
diboson processes.

To estimate the contributions from DPS processes in the W±W±jj signal regions MC samples
of DPS processes are generated with Pythia8. The main DPS processes with two vertices of hard
interaction, and the corresponding event yields in the VBS region (Table 5.4) are shown in Table 5.8.

vertex 1 vertex 2 Events in Inclusive region Events in VBS region

W W 0.031± 0.008 0.028± 0.008
W Z/γ∗ 0.0056± 0.003 0.0056± 0.003
Z/γ∗ Z/γ∗ 0.001± 0.0009 0.001± 0.0009

WZ dijet 1.6± 0.2 1.6± 0.2
ZZ dijet 0.060± 0.060 0.060± 0.060

Table 5.8: Signal yields of DPS processes for the combined ee, eµ, and µµ �nal states in the VBS region with MC
statistic uncertainties.

Within statistic uncertainties, the event yields are the same in the Inclusive and the VBS region.
Among the processes with single boson production at two vertices, W + W is the dominating pro-
cess. Generally, these processes yield negligible event numbers in the signal regions. Therefore, these
processes are not included in the measurement. A non-negligible contribution arises fromWZ + dijet
production. However, the contribution of WZ production with an additional dijet vertex is contained
in the underlying event of the WZ-QCD sample used for modelling diboson background [102], so it
is not included to avoid double-counting. The event yields in Table 5.8 provide an estimate for the
contribution of DPS processes to the WZjj background.

5.2.5 Background from aW boson in association with a converted photon

Final states with more than one lepton can also be produced by Wγ+jets �nal states if the photon
is converted into an electron-positron pair. In the case of an asymmetric conversion, where one lep-
ton carries away the largest fraction of the initial energy of the photon, events with one leptonically
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5 Measurement ofW±W±jj production with the atlas detector

decaying W boson and one converted photon can enter the signal region [191]. Such e�ects are es-
timated using simulation of the W + γ production as well as the conversion in the detector. Event
yields estimated from MC simulation are given in Tables 5.9 and 5.10 for the inclusive and the VBS
analysis regions, respectively.

5.2.6 Expected event yields

The background estimates as described above are used to determine the expected event yields in the
Inclusive and VBS signal regions, respectively. Statistical errors arise from the limited MC statistics, in
the case of background estimated based on simulation, and from the limited size of data samples used
for the data-based background estimates. Table 5.9 presents the expected event yields in the Inclusive
analysis region for all background processes discussed above.

ee eµ µµ

W±W±jj-EW 3.07 ± 0.12 8.93 ± 0.2 4.9 ± 0.15
W±W±jj-QCD 0.89 ± 0.05 2.49 ± 0.09 1.43 ± 0.07
W±Zjj 2.75 ± 0.22 5.56 ± 0.32 2.37 ± 0.21
ZZjj 0.1 ± 0.05 0.16 ± 0.1 0.07 ± 0.04
Wγ 1.1 ± 0.32 1.55 ± 0.36 0.0 ± 0.0
tt̄+ V 0.15 ± 0.03 0.26 ± 0.03 0.11 ± 0.02
Fake leptons 0.73 ± 0.11 1.53 ± 0.13 0.34 ± 0.04
Charge-�ip 2.05 ± 0.07 0.82 ± 0.05 0.0 ± 0.0

Data 12.0 26.0 12.0

Table 5.9: Event yields in the Inclusive analysis regions with statistical errors

Expected event yields of the signal and all background processes in the VBS analysis region are
given in Table 5.10.

ee eµ µµ

W±W±jj-EW 2.54 ± 0.11 7.21 ± 0.18 4.04 ± 0.13
W±W±jj-QCD 0.25 ± 0.03 0.71 ± 0.04 0.38 ± 0.03
W±Zjj 2.06 ± 0.19 3.99 ± 0.26 1.81 ± 0.19
ZZjj 0.05 ± 0.03 0.05 ± 0.03 0.01 ± 0.00
Wγ 0.7 ± 0.2 1.24 ± 0.33 0.0 ± 0.0
tt̄+ V 0.05 ± 0.02 0.1 ± 0.0 0.02 ± 0.01
Fake leptons 0.61 ± 0.1 1.27 ± 0.12 0.28 ± 0.04
Charge-�ip 1.38 ± 0.06 0.66 ± 0.04 0.0 ± 0.0

Data 6.0 18.0 10.0

Table 5.10: Event yields in the VBS analysis regions with statistical errors
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5.3 Systematic uncertainties

5.3.1 Theoretical predictions for diboson processes

The MC samples used for diboson background estimates are listed in Appendix D. These samples are
scaled to a cross section determined at NLO-QCD. The cross section of the corresponding process at
matrix-element level is calculated using VBFNLO [111] or PowhegBox [135] as described later. The
uncertainties on these cross sections are evaluated as described in Section 5.3.2. Results are validated
against Whizard [107] and MadGraph [106] at leading order.

Process σfid,incl [fb] σfid,VBS [fb] σsample(incl) [fb] σsample(VBS) [fb]

W±W±jj-EW 1.003 ± 0.060 0.881 ± 0.053 19.9 ± 1.2 20.8 ± 1.3
W±W±jj-QCD 0.352 ± 0.049 0.098 ± 0.018 16.7 ± 2.3 13.5 ± 2.5
W±Zjj-EW 0.395 ± 0.091 0.336 ± 0.089 73.4 ± 17 75.3 ± 20
W±Zjj-QCD 1.039 ± 0.21 0.640 ± 0.013 12.4 ± 2.0 12.8 ± 1.5

Table 5.11: Calculation of cross sections of diboson plus dijets processes at NLO-QCD in the inclusive (σfid,incl)
and VBS �ducial (σfid,VBS) phase space volumes, respectively. The extrapolation to the full sample phase
space of the corresponding sample generated with Sherpa is given based on the calculations in the inclusive
(σsample(incl)) and the VBS (σsample(VBS)) regions, respectively [191].

The interference between theW±W±jj-EW and theW±W±jj-QCD processes is counted towards
the W±W±jj-EW sample. The size of the interference has been determined [191] to be 16.7 % of the
W±W±jj-EW cross section in the Inclusive region and 7.8 % of the W±W±jj-EW cross section in
the VBS region. It can also be parametrized as [191]

σINT
VBS, �d = kINT ×

√
σEW

�d,VBS × σ
QCD
�d,VBS with kINT = 0.231. (5.3)

5.3.2 Theory uncertainties

Uncertainties of the signal and background predictions have been determined for the Monte Carlo
samples used in this analysis, mainlyW±W±jj andW±Zjj. The �ducial cross sections in the inclu-
sive and VBS phase spaces and their uncertainties have been evaluated separately for the electroweak
and QCD-mediated production.

These processes are modeled with LO MC produced with Sherpa, using Matrix-Element and Par-
ton shower matching in the CKKW scheme. The �ducial cross sections are calculated with the most
accurate tools available using either PowhegBox or VBFNLO, and listed in Table 5.11. The cross
sections include the full process with electrons and muons in the �nal state, excluding τ contribu-
tions. For the evaluation of the uncertainty, model uncertainties, scale and pdf uncertainties, as well
as parton shower e�ects are taken into account.
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W±W±jj-EW signal

The �ducial cross section for W±W±jj-EW is calculated using PowhegBox and cross-checked with
VBFNLO, both at NLO-QCD. In the PowhegBox calculation, a dynamic scale of

µR,F =
∑
i=1,2

(
pT(ji) +

√
M2
W + pT(Wi)2

)

is used, while in VBFNLO, the scale is set to the momentum transfer of the exchanged W/Z bo-
son [111]. Furthermore, the PowhegBox calculation is performed using on-shell W bosons in the
�nal state [191]. These di�erences result in a modelling uncertainty of 5 % in the Inclusive region and
3 % in the VBS region, which is included in the total uncertainty.

Due to strict cuts on jet momenta and dijet mass, the parton shower has a large e�ect (cf. [195]).
The e�ect of the parton shower on the NLO cross sections has been estimated to be∼ 2 % by applying
di�erent parton shower algorithms to the PowhegBox NLO events: the Pythia8 [103] parton shower
with AU2 tune for the underlying event, and the Herwig++ [105] parton shower with Jimmy [196]
for the underlying event [191]. In order to cover the relative change in acceptance in the Sherpa

sample due to the parton shower, the uncertainty in the VBS region is increased to 4 %.
Scale and PDF uncertainties have been evaluated with VBFNLO at NLO in QCD. Varying the

factorization and renormalization scales separately by factors of 2 and 0.5, the largest di�erence ex-
cluding extreme combinations of scale variations is taken as uncertainty, which yields an uncertainty
of±1.5 % in both regions. The PDF uncertainty is determined from the CT10 [197] Eigenvector varia-
tions combined with the di�erence of central values with respect to MSTW2008 [198], and results in an
uncertainty of ±2 % in the Inclusive region and ±3 % in the VBS region. The PowhegBox + Pythia8

calculation is used as the central value for the signal prediction. Uncertainties of the W±W±jj-EW
production cross section are summarized in Table 5.12.

W±W±jj EW

Source of uncertainty Uncertainty (%)
Inclusive region VBS region

MC statistics 1 2
Generator 5 3
Showering model 2 4
Scale 2 2
PDF 2 3

Total 6 6

Table 5.12: Summary of theoretical uncertainties of the W±W±jj-EW process prediction [191].
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The largest contribution to the total uncertainty originates in the modelling by the matrix-element
generators as well as the parton showers.

W±W±jj-QCD

The �ducial cross sections for W±W±jj-QCD are calculated using the PowhegBox generator. As
no alternative NLO calculation exists, the 5 % maximum di�erence from the W±W±jj-EW case is
assumed to be valid for this process as well.

Parton shower e�ects are evaluated by applying two di�erent such algorithms to the NLO events
generated using PowhegBox. A cross-check with the Sherpa �ducial acceptance is carried out [191].
The di�erences yield uncertainties of 3 % and 7 % in the Inclusive and VBS regions, respectively.

For the scale uncertainties, a variation by a factor of 2 and 0.5 in the renormalization and factoriza-
tion scales in the PowhegBox calculation yields a total uncertainty of 12 % in the Inclusive and 13 %
in the VBS region. The PDF uncertainty is evaluated from CT10 Eigenvector variations as well as the
di�erence to the central value from MSTW2008, resulting in a total PDF uncertainty of 2 % in both
�ducial regions [191].

W±W±jj QCD

Source of uncertainty Uncertainty (%)
Inclusive region VBS region

MC statistics 4 8
Generator 5
Showering model 3 7
Scale 12 13
PDF 2 2

Total 14 18

Table 5.13: Summary of theoretical uncertainties of the W±W±jj-QCD process prediction [191].

W±Zjj-EW

For the calculation ofW±Zjj-EW cross sections and uncertainties, the full ```νjj �nal state is split in
the contribution with a b-quark in the �nal state and the contribution without. Systematic uncertainties
are determined for the contribution without b-quarks and propagated to the contribution containing
b-quarks.

The total cross section at NLO QCD is calculated with VBFNLO. The parton shower e�ects are
determined by applying di�erent parton showering algorithms to the LO events generated using
VBFNLO [191], since no NLO events can be generated with VBFNLO. As seen for the W±W±jj-
EW process, the parton shower e�ects for NLO are smaller than for LO events, so the resulting un-
certainty covers the uncertainty for NLO cross sections. Between the Pythia8 and the Herwig++
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algorithm, a di�erence of 9 % and 10 % is obtained in the Inclusive and VBS regions, respectively.
Scale uncertainties are evaluated by varying the renormalization and factorization scales by a factor

of 0.5 and 2 separately [191]. This yields an overall scale uncertainty of 2 % in the Inclusive and 5 %
in the VBS region. PDF uncertainties, determined with the same procedure as for the W±W±jj-EW
sample, amount to 6 % and 12 %, respectively.

All uncertainties are summarized in Table 5.14.

W±Zjj-EW

Source of uncertainty Uncertainty (%)
Inclusive region VBS region

MC statistics 1 2
Showering model 9 10
Scale 2 5
PDF 6 12

Total 12 17

Table 5.14: Summary of theoretical uncertainties of the W±Zjj-EW process prediction [191].

The ratio of the contribution without b-quarks in the �nal state to one with b-quarks is calculated
using Sherpa. All uncertainties are propagated from the contribution without b-quarks.

W±Zjj-QCD

VBFNLO is used to determine the W±Zjj-QCD �ducial cross sections [191]. For parton shower ef-
fects, LO events from VBFNLO are provided with a parton shower from Herwig++ or Pythia8,
taking the di�erence as the uncertainty.

For the scale and PDF uncertainties, the same procedures are applied as in theW±Zjj-EW process.
Contrary to the W±W±jj and W±Zjj-EW processes, the W±Zjj-QCD �nal state also occurs

through diagrams with zero or one parton in the matrix element, which �nally have two jets after
parton showering. This contribution is included in the Sherpa sample and has a large parton shower
uncertainty. The e�ect is determined using a dedicated MadGraph sample with two di�erent par-
ton shower models (Pythia8 and Herwig++) [191]. An uncertainty of 52 % is obtained from this
comparison, which results in 6 % uncertainty in the total W±Zjj-QCD contribution.

All uncertainties for W±Zjj-QCD are summarized in Table 5.15.

5.3.3 Experimental uncertainties

Systematic uncertainties are estimated for all background processes. For each of the backgrounds esti-
mated from data, the uncertainty of the method was evaluated separately (cf. Sections 5.2.2 and 5.2.3).
Backgrounds based on the MC prediction are subject to uncertainties on object reconstruction, which
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W±Zjj-QCD

Source of uncertainty Uncertainty (%)
Inclusive region VBS region

MC statistics 2 2
Showering model 12 7
Scale 6 6
WZ +0,1 partons 6 6
PDF 5 5

Total 16 12

Table 5.15: Summary of theoretical uncertainties of the W±Zjj-QCD process prediction [191].

are applied on the analysis to determine their e�ect on �nal event yields. The systematic uncertainties
are estimated by varying the following properties:

• Energy resolution of electrons, muons (ID and MS), jets (JER), Emiss
T , b-tagged jets,

• Energy scale of electrons, muons, jets (JES), Emiss
T ,

• Identi�cation e�ciency of electrons, muons,

• Trigger e�ciency of electrons, muons,

• E�ciency of JV F cut, b-tagging,

• Contributions from heavy �avors and pile-up jets,

• Luminosity measurement, and

• Photon conversion rate.

Uncertainties of the identi�cation and trigger e�ciencies of electrons and muons are obtained by
varying the corresponding scale factors within 1σ of their uncertainty. Systematic uncertainties of the
MC samples for background and signal are summarized in Table 5.16 for the Inclusive region and in
Table 5.17 for the VBS analysis region. The dominant contribution to the total uncertainty arises from
uncertainties on jet reconstruction in the W±Zjj background.
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Source W±W±jj EWQCD W±Zjj EWQCD tt̄+V ZZ EWQCD Wγ

b-tag scale factor (SF) 0.6 0.7 11 2.9 2.9
e energy/identi�cation 1.9
µ pT /identi�cation 0.8
Veto-e identi�cation SF – 1.6-2.7 0.6-0.8 1.6-2.7 –
Veto-µ identi�cation SF – 0.5-1.3 0.2-0.3 0.5-1.3 –
Trigger SF 0.1-0.6
Emiss

T 1.1 1.5 0.9 22.7 8.0
JER/JES/JVF ±5.7

5.0 ±13
14 19 ±13

14 30
Theory 8.0 14.0 30.0 19.0 17.0
Conversions – – – – ±22

13
Pileup 0.8 8.0 1.5 8.0 8.0

Luminosity 2.8

Table 5.16: Systematic uncertainties of MC background and signal samples in the inclusive signal region [191]
in %, summarized for all �nal states.

Source W±W±jj- W±Zjj tt̄+V ZZ Wγ
EWQCD EW QCD -EWQCD -EWQCD

b-tag scale factor (SF) 0.6 0.7 7 2.9 2.4
e energy/identi�cation 1.9
µ pT /identi�cation 0.8
Veto-e identi�cation SF – 1.6-2.7 0.6-0.8 1.6-2.7 –
Veto-µ identi�cation SF – 0.5-1.3 0.2-0.3 0.5-1.3 –
Trigger SF 0.1-0.6
Emiss

T 1.1 1.5 0.9 27 14.0
JER/JES/JVF ±5.1

4.6 18 23 18 30
Theory 7.0 7.0 17.0 11.0 30.0 19.0 17.0
Conversions – – – – – – ±22

13
Pileup 0.8 0.5 1.5 8.0 1.5 8.0 8.0

Luminosity 2.8

Table 5.17: Systematic uncertainties of MC background and signal samples in the VBS signal region [191] in %,
summarized for all �nal states.

For the data driven backgrounds, systematic uncertainties are summarized in Tables 5.18 and 5.19
for the Inclusive and VBS signal regions, respectively. In background due to fake leptons, the variation
of the fake factors as well as the variation of the normalization of the samples with prompt leptons
which are subtracted are propagated to the signal regions to obtain the �nal systematic uncertainty.
The systematic uncertainty of background due to charge mis-measurement is estimated by varying
the charge-�ip rate and the energy correction within their uncertainties and propagating the e�ect to
the signal regions.
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5.4 Measurement of the �ducial cross section

Source Fakes Charge-Flips

Charge-Flip Rate/Energy correction – 15-32
Fake Rate 36-51 –
Prompt Subtraction 0.6-8.0 –

Table 5.18: Systematic uncertainties of data driven background estimates in the inclusive signal region [191] in
%, summarized for all �nal states.

Source Fakes Charge-Flips

Charge-Flip Rate/Energy correction – 16-35
Fake Rate 36-51 –
Prompt Subtraction 0.6-7.0 –

Table 5.19: Systematic uncertainties of data driven background estimates in the VBS signal region [191] in %,
summarized for all �nal states.

5.4 Measurement of the fiducial cross section

Finally, based on event counts and their uncertainties in the two �ducial regions, cross sections can
be extracted and upper limits on these cross sections can be evaluated. A pro�le likelihood method is
used where the expected number of events in channel i calculated as the sum of the expected signal
events and of all background events in this channel [191],

N exp
i,tot(σW±W±jj ,L, θj) = L × σW±W±jj ×Ai × εi(θj) +

∑
b

Ni,b(θj). (5.4)

Here, L is the integrated luminosity, Ai is the �ducial acceptance, and εi is the signal e�ciency in this
channel. The nuisance parameters (θj) parametrize the e�ects from systematic uncertainties for each
source j of uncertainty. The likelihood function is de�ned as a product of Gaussian functions for the
luminosity given its systematic uncertainty and the background uncertainties, as well as a product of
Poissonian functions for the counting experiment in each channel for the number of observed events
Nobs
i as

L(σW±W±jj ,L, θj) = Gauss(L0|L, σL)×
∏
i

Poisson(Nobs
i |N exp

i,tot)×
∏
j

Gauss(θ0
j |θj , 1). (5.5)

The �ducial cross section is now extracted by �tting this likelihood to the observed data. The uncer-
tainties on this measurement are determined using the pro�le likelihood ratio

λ(σW±W±jj) =
L(σW±W±jj ,

ˆ̂L, ˆ̂
θj)

L(σ̂W±W±jj , L̂, θ̂j)
, (5.6)
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5 Measurement ofW±W±jj production with the atlas detector

with the unconditional maximum likelihood estimates σ̂W±W±jj , L̂, θ̂j and the conditional maximum
likelihood estimates ˆ̂L, ˆ̂

θj for a given value of σW±W±jj . According to Wilks’ theorem [199], the
logarithm of the likelihood ratio, usually formulated as −2 log λ, is asymptotically distributed as a
χ2 function. This allows to derive the con�dence intervals from the logarithm of the likelihood
ratio: The 68 % con�dence level (C.L.) interval corresponds to the interval between the points of
−2 log λ(σW±W±jj) = 1 [200].
The extracted cross section and its uncertainties in the inclusive analysis region are [191]

σEWQCD
W±W±jj = 2.1±0.5

0.5 (stat.)±0.3
0.3 (syst.) fb (5.7)

and in the VBS analysis region, they are [191]

σEW+INT
W±W±jj = 1.3±0.4

0.4 (stat.)±0.2
0.2 (syst.) fb. (5.8)

The theoretical predictions from Section 5.3.1 in the Inclusive region

σEWQCD
W±W±jj = 1.52± 0.12 fb (5.9)

and in the VBS region
σEW+INT
W±W±jj = 0.949± 0.071 fb (5.10)

are compared graphically to the experimental measurement in Figures 5.10a and 5.10b.
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Figure 5.10: Comparison of the measured cross sections in all three �nal states and the combination to the
theoretically predicted cross section at NLO in perturbative QCD obtained using PowhegBox. The red error
bars represent the statistical error, blue error bars the systematic errors. The yellow band gives the uncertainty
on the theoretical prediction.
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5.4 Measurement of the �ducial cross section

The measured cross sections agree with the theoretical calculation obtained at NLO in perturbative
QCD within the experimental uncertainties. The excess of events over the background-only prediction
in the Inclusive phase space is interpreted as W±W±jj production, observed with a signi�cance of
4.5 standard deviations. In the VBS phase space, whereW±W±jj-QCD is included in the background,
the excess of events with respect to the background-only hypothesis is interpreted as W±W±jj-EW
production observed with a signi�cance of 3.6 standard deviations.

5.4.1 Kinematics of the signal

The following distributions illustrate the kinematic properties of the selected events in the VBS region.
Tagging jet kinematics are used to tag the VBS process. The properties of the leptons are connected
to the W boson kinematics, showing their correlation after the scattering.
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Figure 5.11: Dijet kinematics of tagging jets in the VBS signal region. The hatched area represents the systematic
uncertainty of the total prediction.
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Figure 5.12: Kinematics of leptons in the VBS signal region. The hatched area represents the systematic uncer-
tainty of the total prediction.

Additional kinematical distributions in the VBS signal region can be found in Appendix B.

116



5.5 Anomalous quartic gauge couplings inW±W±jj-EW

5.5 Anomalous quartic gauge couplings inW±W±jj-EW

In addition to the measurement of the production cross section of purely electroweak W±W±jj,
the analysis of W±W±jj events provides the possibility to set limits on anomalous quartic gauge
couplings. As described in Section 2.3.1, the e�ective �eld theory parametrization is well suited to
describe the e�ects of potential new physics in the VBS channel.

Anomalous quartic gauge couplings (aQGC) are measured in a counting experiment using the VBS
phase space of this analysis. In order to assess the e�ects of aQGC on reconstruction level in the
analysis, the process is simulated with several values of aQGC and passed through the full detector
simulation. Two parameters determine the deviation of an aQGC sample to the SM: The acceptance
A(α4, α5) of events in the VBS �ducial volume on truth level is de�ned as

A(α4, α5) =
NVBS, fid(α4, α5)

Nsample(α4, α5)
. (5.11)

The e�ciency due to detector response is de�ned as the probability for an event in the �ducial VBS
region de�ned at truth level to enter the signal region at reconstruction level,

ε(α4, α5) =
NVBS, reco(α4, α5)

NVBS, fid(α4, α5)
. (5.12)

As these parameters are used for the limit setting on aQGC parameters, they are determined in depen-
dence of α4, α5.

5.5.1 Cross sections and acceptance in the α4, α5-plane

Cross sections of electroweak production of W±W±jj with non-zero values of α4, α5 have been
calculated for a roughly elliptic region in the α4, α5-plane in which the measurement is sensitive to
aQGC. The full samples are de�ned by the phase space cuts

Outgoing partons : pT > 15 GeV, |η| < 5, ∆R(jj) > 0.4;

Leptons : pT > 8 GeV, |η| < 5; (5.13)

and the factorization and renormalization scales are set to the invariant mass of outgoing leptons and
neutrinos,

µF = µr = M(`1, `2, ν1, ν2). (5.14)

A SM Higgs boson with mass mH = 126 GeV and width ΓH = 4.18 MeV is included, and the PDF set
cteq6ll [137] is used. The corresponding partonic cross sections have been determined in the scope
of this work with Whizard on a grid of ∆α4 ×∆α5 = 0.01× 0.01 and are shown in Figure 5.13a.

The parton shower algorithm of Pythia8 is applied on a subset of these samples with ∆αi = 0.05,
and the acceptance to the �ducial VBS phase space (Section 5.1.4) is determined. Figure 5.13b shows
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Figure 5.13: Dependence of the W±W±jj-EW cross section (left) and acceptance to the �ducial VBS volume
(right) on the aQGC parameters α4, α5.

the points in the α4, α5-plane for which the acceptance A(α4, α5) of the parton-showered samples
has been determined. Since the selection requirements of the VBS phase space enhance the aQGC
contribution, the acceptance increases with higher absolute values ofα4, α5. The narrow elliptic shape
of the cross section contours in the α4, α5-plane is speci�c to theW±W±jj process, as the operators
introducing the anomalous couplings act di�erently on the amplitudes of the various combinations of
W and Z bosons. A comparison to the contour of W±Zjj-EW cross sections in the α4, α5-plane is
given in Appendix C.

5.5.2 Fiducial cross sections of anomalous couplings samples

The calculation of the cross section is based on the product of sample cross section and acceptance,

σ
(α4, α5

VBS, fid) ∼ σsample(α4, α5)×A(α4, α5),

which is shown in Figure 5.14a. In order to correct the sample cross section to the NLO calculation
of PowhegBox (cf. sec. 5.3.1), a factor kaQGC is applied, derived from the �ducial cross section of
W±W±jj-EW calculated with Whizard and the parton shower of Pythia8 in the VBS phase space
at LO in the SM,

σW
±W±jj−EW

VBS, fid (Whizard) = σW
±W±jj−EW

sample ×A(α4 = 0, α5 = 0) = 0.678 fb,
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and the �ducial cross section calculated with PowhegBox at NLO as

kaQGC =
σW

±W±jj−EW
VBS, fid (PowhegBox)

σW
±W±jj−EW

VBS, fid (Whizard)
= 1.3. (5.15)

The application of the factor kaQGC to the �ducial cross sections of the aQGC samples for all values
of α4, α5 is based on the assumption that the scale dependence of the W±W±jj-EW cross section
is independent of the particular value of aQGC at LO, and that the scale dependence is small at NLO.
The scale dependence ofW±W±jj-EW production with non-zero aQGC is analyzed on Page 121 and
is found to be su�ciently compliant with these assumptions. Thus, the �ducial cross section of the
W±W±jj-EW process with aQGC α4, α5 is corrected by multiplying with the coe�cient kaQGC,

σ
(α4, α5), EW
VBS, fid = kaQGC × σsample(α4, α5)×A(α4, α5). (5.16)

Furthermore, the interference between the purely electroweak and QCD-mediated production mech-
anisms of W±W±jj is taken into account as described by Equation (5.3). The full cross section at a
point (α4, α5) is then obtained by

σ
(α4,α5)
VBS, �d = σ

(α4,α5), EW
VBS, �d + σ

(α4,α5), INT
VBS, �d (5.17)

= kaQGC × σsample(α4, α5)×A(α4, α5) + kINT ·
√
σ

(α4,α5), EW
VBS, �d · σQCD

VBS, �d (5.18)

with kINT = 0.231. Cross sections corrected according to Equation (5.18) are depicted in Figure 5.14b.
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Figure 5.14: Cross sections of W±W±jj-EW in the �ducial VBS volume in dependence of α4, α5.
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5.5.3 E�iciency in the α4, α5-plane

A subset of samples in the above α4, α5-region was run through a full atlas simulation in order to
determine the e�ciency. Table C.1 in Appendix C lists all of these samples with the corresponding
cross sections. The e�ciency dependence of the samples can be described with a linear dependence on
the �ducial cross section, ε = ε

(
σ

(α4, α5),EW
VBS, fid

)
for each of the three channels ee, eµ, and µµ separately

as [191]

ε(ee) = 0.5222 +
0.0565

fb σ
(α4, α5),EW
VBS, fid , (5.19)

ε(eµ) = 0.7004 +
0.0301

fb σ
(α4, α5),EW
VBS, fid , (5.20)

ε(µµ) = 0.8144 +
0.0143

fb σ
(α4, α5),EW
VBS, fid . (5.21)

5.5.4 Systematic uncertainties of aQGC samples

Systematic uncertainties of the generator and parton shower model as well as renormalization and
factorization scale variations are evaluated for the samples generated withWhizard used for the aQGC
measurement.

Model uncertainty

The samples of W±W±jj-EW production with anomalous couplings have been produced using the
implementation of the e�ective �eld theory with non-linear EWSB in Whizard (SM_km.mdl) [73]
adding a SM Higgs boson with mass mH = 126 GeV to the e�ective �eld theory with K-matrix uni-
tarization. In order to estimate the modelling uncertainty due to unitarization, the cross section with
these settings and the aQGC parameters set to the SM values α4 = α5 = 0 are compared to the cross
section generated with the Standard Model implementation of Whizard (SM.mdl). The results are
given in Table 5.20, which shows the cross section in the sample phase space as well as in the �du-
cial volume after application of the Pythia8 parton shower. Di�erences between the two models are
within the statistical uncertainties.

model σ (sample PS) [fb] σ (VBS PS) [fb]

SM_km.mdl (α4 = α5 = 0) 15.53 ± 0.08 1.45
SM.mdl 15.66 ± 0.06 1.47

Table 5.20: Comparison of two di�erent implementations of the SM in Whizard for the W±W±jj-EW cross
section, in the phase space of the sample and in the VBS �ducial volume after application of the Pythia8 parton
shower, respectively. Both are generated with the factorization and renormalization scales set to µF = µR =
2mW .
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Parton shower uncertainties

The uncertainty from parton shower modelling is determined for the SM sample (α4 =α5 = 0), applying
two di�erent parton shower programs, Pythia8 and Herwig++, to the matrix-element level events
generated with Whizard. The resulting �ductial cross sections in the VBS phase space are listed in
Table 5.21. The di�erence amounts to 11 % between the two parton showers.

Herwig++ showered Pythia8 showered

σVBS, �d [fb] 0.629 ± 0.010 0.567 ± 0.009

Table 5.21: Comparison of two parton shower programs, Pythia8 and Herwig++ applied on the Whizard
sample which was generated with the factorization and renormalization scales set to µF = µR =

√
sparton, the

partonic center-of-mass energy.

For comparison: In the calculation of the �ducial cross section ofW±W±jj-EW usingPowhegBox
at NLO, the application of two di�erent parton shower models results in a di�erence of 4 % (cf. sec.
5.3.2). Owing to the higher accuracy of the modeling of additional emissions in the case of the NLO
calculation compared to the LO calculation, it is expected that the uncertainty due to parton shower
is larger in the LO case. Both results are therefore compatible.

Factorization and renormalization scale uncertainties

Renormalization and factorization scale variations are performed for the SM sample as well as for two
aQGC points. The �ducial cross sections of W±W±jj-EW for the SM and the points (α4 = 0.1, α5 =
0) and (α4 = 0.2, α5 = 0) are shown in Figure 5.15a for several di�erent values of the factorization and
renormalization scalesµ = µF = µR varied simultaneously. Figure 5.15b shows the ratio of these cross
sections to the SM cross section. As the non-zero aQGC cross sections normalized to the SM feature a
�at dependence, the scale dependence of the aQGC samples corresponds in good approximation to the
scale dependence of the SM sample. As a consequence, the same scale factor is applied to the aQGC
cross sections to scale to the NLO cross section determined with PowhegBox (cf. Section 5.3.1).
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Figure 5.15: Scale dependence of aQGC samples.

Influence of anomalous couplings on kinematics of the final state particles

The contribution of non-zero anomalous couplings to the �nal state of W±W±jj mimics the e�ect
of new physics in the self-interaction of W bosons. Hence, the contribution of W boson scattering
to the full process of W±W±jj production is enhanced, leading to an increased correlation of the
W boson decay products [201]. This e�ect can be seen in the following distributions showing the
predictions on backgrounds and SMW±W±jj-EW production compared to the prediction with all SM
backgrounds and the additional contribution from anomalous quartic gauge couplings. The histogram
with �lled areas represents the SM prediction. The three additional lines represent the SM prediction
plus the contribution from non-zero anomalous couplings, where the SMW±W±jj-EW contribution
is subtracted. Three values of α4 and α5 are chosen: (α4 = 0.1, α5 = 0), (α4 = 0.1, α5 = 0.1), and (α4 =
0.1, α5 = -0.4).
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Figure 5.17: Comparison of the kinematics of the two leptons in the VBS region for the SM and for three points
in the α4, α5-plane close to the sensitivity of the measurement. The �lled histogram shows the SM prediction,
and the three additional lines the total prediction including contributions from non-zero anomalous couplings.
The hatched area represents the systematic uncertainty on the total prediction.

Based on these observables, it is possible to optimize a phase space further suppressing the SM
W±W±jj-EW component while retaining the contribution from anomalous couplings [202, 203].
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5 Measurement ofW±W±jj production with the atlas detector

More kinematic distributions can be found in Appendix C.3.

5.5.5 Measurement of anomalous couplings

Based on the aQGC predictions described above, the measurement is used to derive con�dence in-
tervals on the values of α4, α5 in W±W±jj-EW. The con�dence intervals are derived based on the
pro�le likelihood method using the number of observed events in the VBS analysis region.

The number of expected signal events is determined according to the integrated luminosity L, the
�ducial acceptance in each channel Ai, the �ducial cross section σ(α4,α5)

VBS, �d (5.18), and the detector e�-
ciency ε

(
σ

(α4, α5),EW
VBS, fid

)
, as

si = L ×Ai × σ(α4,α5)
VBS, �d × ε

(
σ

(α̂4α̂5),EW
VBS, fid

)
(5.22)

in each channel i ∈ {ee, eµ, µµ}. The anomalous couplings are extracted with a �t of the likelihood
(5.5) to the observed data. The con�dence intervals are obtained via the negative logarithm of the
likelihood ratio for α4, α5 de�ned as

λ(α4, α5) =
L(α4, α5,

ˆ̂
θj)

L(α4, α5, θ̂j)
. (5.23)

The 95 % (68.3 %) C.L. corresponds to the contour of λ(α4, α5) > 1.92(0.5), shown in Figure 5.18.
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Figure 5.18: Measurement of the anomalous quartic gauge couplings α4, α5. Points outside the light blue area
are excluded at 95 % con�dence level (C.L.) by the measurement. The solid line marks the expected exclusion
limit at 95 % C.L. Points outside the dark blue area are excluded at 68 % C.L. From [56].
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5.5 Anomalous quartic gauge couplings inW±W±jj-EW

The one-dimensional limits for α4 and α5 are

α4 ∈ [−0.139, 0.157]

α5 ∈ [−0.229, 0.244]. (5.24)

5.5.6 Interpretation of aQGC in light of new resonances

The measurement of the anomalous quartic gauge coupling parameters α4 and α5 can be interpreted
with respect to new resonances coupling to the electroweak gauge bosons as described in Section 2.3.4.
Figure 5.19 illustrates the relation between aQGC contributions and resonances in the α4, α5-plane
used for the aQGC measurement. The conversion between the contribution from resonances to anoma-
lous couplings can be found in Table 2.4. This allows to deduce information on resonances from the
aQGC measurement.

Figure 5.19: Contributions to resonances by the measurement of the anomalous quartic gauge couplings α4, α5.

Based on the limits derived above, the following values of the mass to coupling ratio M/g of two
types of resonances are excluded at 95 % con�dence level:

• For a φ resonance (spin = 0, isospin = 2): Mg < 134 GeV is excluded.

• For a t resonance (spin = isospin = 2): Mg < 88 GeV is excluded.

These values are to be taken with a grain of salt: The conversion is only valid as long as the ap-
proximations for the EFT are valid, i.e. a coupling larger than g > 2.5 is not allowed. In addition, the
conversion fails above MWW > 1/2mres [75, 124].

Yet, the conversion of anomalous couplings limits in terms of resonance masses and couplings allows
to deduce which physical models are excluded by this measurement. In particular, possible mass ranges
of new resonances in W±W± scattering can be inferred. Future measurements in this channel will
further address the question whether vector boson scattering is fully described by the SM or whether
additional models come into play.
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CHAPTER 6

Towards higher energy: W±W±
sca�ering

a�er the lhc and atlas upgrades

6.1 W±W±
sca�ering at a higher energy Large Hadron Collider

While the lhc and atlas are being upgraded to higher proton-proton collision energies at the time of
writing, it is worth while to investigate the prospects of measuringW±W± scattering at an upgraded
lhc. As the center-of-mass energy of the collision as well as the instantaneous luminosity increase,
new opportunities and challenges arise. This chapter investigates prospects for the VBS measure-
ment after a collider and detector upgrade, considering the e�ects of the following aspects of changed
collider conditions.

Increase of the center-of-mass energy The facility of extracting electroweak V V jj production
is governed by the ratio of V V jj-EW and V V jj-QCD production cross sections, which depends on
the center-of-mass energy of the proton-proton collisions. The cross sections of the pp→W±W±jj

process in dependence of the collision energy for the electroweak and strong component are shown
in Figure 6.1. The ratio of electroweak and strong W±W±jj production in a VBS-like phase space
with Mqq > 500 GeV increases from ∼ 1.2 at 8 TeV to ∼ 1.5 at

√
s = 14 TeV, which will simplify the

extraction of the electroweak-only component, while diminishing the W±W±jj-QCD background.

Increase of the instantaneous luminosity In addition to increased
√
s, the upgraded LHC will

provide a larger instantaneous luminosity through reduction of the bunch spacing from 50 to 25 ns.
This will lead to increased levels of pile-up interactions in the event, demanding new techniques for
pile-up robust particle reconstruction and identi�cation. For W±W± scattering, this will be partic-
ularly challenging with respect to forward tagging jets. Within the atlas collaboration, the idea of
extending the tracking detector to larger |η|tracker of 4.0 is currently being investigated [204]. This
extension can help to eliminate pile-up jets also in forward regions.
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Figure 6.1: Cross section of pp→W±W±jj production with non-decayed �nal stateW bosons with respect to
the center-of-mass energy of the proton-proton collision. An invariant mass cut of Mqq > 500 GeV is applied.
Left: Purely electroweak (“EW”) production cross sections (red circles) compared to the di�erence between
inclusive and electroweak production cross sections (“QCD”, blue squares) for di�erent proton-proton center-
of-mass energies. Right: Ratio of the two cross sections plotted on the left. Note that in deviation from the
standard nomenclature described in Section 3.2.1, the VVjj-QCD process includes interference here.

Furthermore, the study of the potential to extract electroweak V V jj production at an upgraded
LHC requires solid estimates for the contributions from other backgrounds. The di�ering depen-
dencies of the background processes’ cross-sections on the collision energy might lead to a di�erent
background composition at higher energies. At 8 TeV, the dominating background to theW±W±jj �-
nal state arises fromW±Zjj production. The e�ect of a tracker extension on theW±Zjj background
suppression at 14 TeV is studied in the scope of this work.

After the discovery of the Higgs-like boson in Run-1, data from Run-2 will also be scrutinized with
regard to possible new physics. Various models predict the existence of high-mass resonances in the
electroweak sector. Resonances decaying into W±W± pairs would enhance the W±W±jj-EW cross
section and could be discovered in this channel. One type of such resonances is investigated in this
chapter.

6.2 The upgraded LHC and ATLAS detector

6.2.1 Plans for the LHC

At the time of writing, the LHC is undergoing a hardware upgrade in order to reach a center-of-
mass energy of the proton-proton collisions closer to its design value of 14 TeV, starting at 13 TeV in
2015 [205].

In 2015 and the following years, the LHC is scheduled to be running at 13-14 TeV center-of-mass
energy, with an instantaneous luminosity of up to 1034 cm−2 s−1, providing an integrated luminosity
of 50-100 fb−1 to the experiments. After a long shutdown in 2018, upgrades in the pre-accelerator chain
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and the collider collimation system will allow for an instantaneous luminosity of up to 2-3×1034 cm−2 s−1.
According to the plan for the Phase-I run, this will allow the experiments to collect up to 300 fb−1of
proton-proton collisions. Upgrade plans for the atlas detector in this phase are established and col-
lected in a Letter of Intent [206].

After 2022, a further upgrade is proposed, resulting in the High-Luminosity LHC (HL-LHC) with
a planned instantaneous luminosity of 5 − 7 × 1034 cm−2 s−1. This leads to pile-up contributions
corresponding to an average number of interactions per bunch-crossing of 〈µ〉 = 140, and it will
allow the experiments to collect a total integrated luminosity of 3000 fb−1.

Performance assumptions of the upgraded atlas detector under future collider conditions have been
obtained previously by the atlas collaboration in [207] and [208]. They are described in Section 6.2.3.

6.2.2 Extension of the Inner Detector

In order to make best use of the increased amount of collisions while handling the challenging pile-up
conditions, the experiments have to be adapted accordingly. Plans for the upgraded atlas detector for
Phase-II include an all-silicon inner tracker (ITK) which is planned to cover the range up to |η|tracker =

2.5 [209]. An e�ort is being made to investigate the hardware demands and the physics case of an
extended tracker up to |η| ≤ 4.0 [204]. This work studies the e�ect of an extension of the tracker up
to |η| ≤4.0 on the sensitivity to scattering of W±W± within and beyond the SM.

6.2.3 Performance assumptions for the atlas detector at 14 TeV

The performance of the upgraded detector based on fully simulated MC samples taking into account
the properties of the upgraded detector components has been studied in [207] and [208]. As a result,
parametrizations of the performance of objetcs’ resolutions and e�ciencies have been established and
provided as a RootCore [210] package in [211]. These parametrizations can be used to modify the
kinematics of particle level MC samples to match detector level kinematics. In order to study VBS
at the HL-LHC, these presciptions are applied on particle level MC samples for the signal and most
important background processes (see Section 6.3.2). They have been used for studies contributing to
the European Strategy for Particle Physics 2012 [212], as well as the European Committee for Future
Accelerators 2013 [213] and the Snowmass Energy Frontier Workshop 2013 [214].

The performance assumptions include detector momentum and energy resolution, object recon-
struction e�ciencies, as well as trigger e�ciencies of the various objects. Where it is relevant, the
dependence of resolutions and e�ciencies on pile-up conditions has been investigated and is taken
into account in the prescriptions. Also, when applicable, the future ITK is assumed instead of the cur-
rent tracking detector. For the case of the extended tracker, no performance assumptions exist at the
time of this study. Therefore, the parametrization from the largest |η| bin in which a parametrization
is available, is used in this case. The performance projections and their application in this analysis are
described in Section 6.3.2.
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6 Towards higher energy: W±W± scattering after the lhc and atlas upgrades

6.3 Analysis ofW±W±jj-EW at 14 TeV

Previous studies have investigated the prospects for Vector Boson Scattering in various �nal states
at a High-Luminosity LHC with an upgraded ATLAS detector [215–217]. The potential to constrain
anomalous quartic gauge couplings inW±W±jj production in the form of dimension-8 operators (cf.
Section 2.3) in an e�ective �eld theory has been studied in [217].

In the thesis at hand, the sensitivity to the SM W±W±jj-EW production as well as to additional
resonances is studied. A High-Luminosity LHC is assumed with a center-of-mass energy of

√
s =

14 TeV of the proton-proton collisions. Results are scaled to a total collected luminosity of 3000 fb−1.
The nominal detector setup with the current |η| extension of the tracking detector is compared to an
extended tracking detector up to |η|tracker ≤ 4.0.

6.3.1 Generation of signal and background processes

The distinction of signal and background processes, especially the distinction of the purely electroweak
signal process from the so-called V V jj-QCD background process is described in detail in Section 3.2.1.
The same nomenclature is followed here.

Standard Model signal Event generation for the SM signal process, electroweak production of
W±W±jj, is carried out by selecting diagrams with the �nal state of `±`±ννjj with electroweak
interactions only, using Whizard [107, 108]. The separation of purely electroweak production is real-
ized by setting the strong coupling constant αs = 0. The same setting is used to generate additional
resonance signal samples (see sec. 6.6).

Diboson backgrounds The background process with the same �nal state, W±W±jj-QCD, con-
tains diagrams with both strong and electroweak vertices and is generated using MadGraph [106].

The dominant background to the `±`± + Emiss
T �nal state, as shown in [106], is diboson WZ/γ∗-

production in the ```νjj �nal state. Like the W±W± process, W±Zjj production is split into elec-
troweak W±Zjj production and strong W±Zjj production, both generated with MadGraph [106].

Monte Carlo se�ings, sample phase spaces, and cross sections For signal and backgrounds,
only �nal states with electrons and muons are considered (` = e, µ), neglecting leptonically decaying
τ leptons. The GF scheme is used for the electroweak parameters (cf. Section 3.2.2). The factorization
and renormalization scales are set to MWW for the signal, while the MadGraph default scale, based
on kT event clustering [218], is used for the samples generated with MadGraph. On generator level,
the production phase spaces are de�ned as described in Table 6.1.

The resulting cross sections for the generated processes in the respective phase spaces are listed in
Table 6.2. The cross sections and events generated with Whizard and MadGraph have leading-order
(LO) accuracy. A parton shower algorithm is applied on these events using Pythia8 [103, 104].
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W±W±jj W±Z/γ∗jj

Pseudorapidity of jets j |η (j)| < 5, |η (j)| < 5,
and leptons ` |η (`)| < 5 |η (`)| < 5

pT(j) > 10 GeV, pT(j) > 15 GeV,
Transverse momenta pT of jets j pT(`) > 8 GeV pT(`2) > 5 GeV

and leptons ` `2: 2nd lepton ordered by pT

No cut on softest lepton pT

Separation and invariant mass ∆R(``) > 0.1,
of leptons ` M(`+`−) > 0.1 GeV

Separation and invariant mass ∆R (jj) > 0.4 ∆R (jj) > 0.4,
of jets j M (jj) > 50 GeV

Table 6.1: Generator phase space settings and cuts for the production of pp→ `±`±ννjj and pp→ `±`∓`±νjj.

Process σ [fb] MC generator

W±W±jj-EW 15.95 Whizard
W±W±jj-QCD 16.03 MadGraph
W±Zjj-EW 49.1 MadGraph
W±Zjj-QCD 1050.0 MadGraph

Table 6.2: Cross sections of the SM signal and diboson background processes at
√
s = 14 TeV generated with

Whizard or MadGraph. Generator uncertainties are below 1 %.

Background from detector e�ects Additional backgrounds to the `±`± + Emiss
T �nal state arise

due to mis-identi�cation of jets as leptons, or due to the mismeasurement of a lepton’s charge after
conversion of bremsstrahlung. These backgrounds occur predominantly in �nal states with at least
one electron. Estimating their contribution from MC generation would require extensive amounts of
simulated events which can not be provided in the scope of this study.

Therefore, their contribution is estimated by scaling the diboson background event yields in the
signal region according to the same ratio as observed in the 8 TeV analysis. The µµ channel is exempt
from this, as it is the channel with the least detector background.

To this e�ect, the detector-e�ect background in the signal region at 14 TeV,Ndetector−effect(14 TeV),
is obtained using the diboson event yields at 14 TeV, Ndiboson, ee+eµ(14 TeV), and a scale factor ob-
tained from the 8 TeV analysis [56], according to:

Ndetector−effect(14 TeV) = Ndiboson, ee+eµ(14 TeV)
Ndetector−effect(8 TeV)

Ndiboson, ee+eµ(8 TeV)

In agreement with the results of [56], the background event yields containing electrons are therefore
scaled by

Ndetector−effect(8 TeV)

Ndiboson, ee+eµ(8 TeV)
= 0.94
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in the signal region in order to account for additional background. The factor 0.94 is assumed to be
independent of the phase space. This introduces a large uncertainty on the background estimate, as the
actual ratio of diboson to other backgrounds’ event yields at 14 TeV has to be estimated from collision
data and is therefore yet unknown.

6.3.2 Application of the performance assumptions

The particle kinematics in the events are modi�ed according to the performance projections obtained
by previous studies, as described above (see Section 6.2.3). E�ciencies are applied using random num-
bers drawn from to the provided probability distributions.

The resulting events are subjected to object and event selection criteria closely matching those used
in the 8 TeV analysis of W±W±jj [56].

Detector resolution In the �rst step, the energy and momentum resolution of the detector is taken
into account for the kinematics of electrons, muons, and jets. A random number is generated from a
Gaussian distribution with mean 1.0 and a width according to the given parametrizations, cf. Table 6.3.
The resulting factor is applied to the energy and momentum of the particle.

• For �nal state electrons, both the energy and the transverse momentum are smeared by the
same, |η| dependent, fraction (see Table 6.3). This fraction is obtained as a random number
from a Gaussian distribution taking into account an electronic noise term, a stochastic term due
to statistical �uctuations of the shower in the calorimeter, and a constant term accounting for
detector non-uniformity and calibration uncertainty.

• For �nal state muons, the energy and the transverse momentum are smeared by the same fraction
which is obtained from a Gaussian with a width combining Inner Detector (σID) and Muon
Spectrometer (σMS) properties. The Inner Detector resolution is obtained from full simulation
of the all-silicon ITK tracking detector.

• The Gaussian width of the jet energy resolution contains terms for the noise, stochastic �uctu-
ations, and constant uncertainties, with parameters N , S, and C , respectively. Of these, only
the noise term is pile-up dependent. It can be expressed as a function of the number of pile-up
interactions µ drawn from a Poissonian distribution with mean 〈µ〉 = 140 for each event. The
associated parameters are determined for the case that an event-by-event pile-up subtraction
method is utilized which employs the jets’ areas [208].

Reconstruction e�iciencies In the next step, the objects’ reconstruction e�ciencies are applied.
To estimate the fraction of particles which are correctly reconstructed and identi�ed as the correct type
of object, reconstruction e�ciency estimates are provided from the full-simulation studies mentioned
above. For each particle, a random number n uniformly distributed in [0,1) is drawn and if n > εreco,
the particle is removed from the event record.
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Object Width of Gaussian Parameters

Electrons σ =
√

0.32 + S2E + C2E2 for |η| < 1.4: S = 0.1, C = 0.01
for 1.4 < |η| < 2.47: S = 0.15, C = 0.015 [208]

Muons
σID = pT

√
a2

1 + (a2pT)2
2 parameters for the Inner Detector (ITK)
→ given in 15 |η| regions [207]

σMS = pT

√
bo
pT

2
+ b21 + (b2pT)2 3 parameters for the Muon Spectrometer

→ given in 2 |η| regions (barrel, endcap) [207]
combined:⇒ σCB =

σ2
IDσ

2
MS√

σ2
ID+σ2

MS

Jets
σpT
pT

=
√

N2

p2T
+ S2

pT
+ C2 a, b, S, C given in four |η| bins: barrel, extended

with N = a(|η|) + b(|η|)µ barrel, endcaps, and forward |η| [208]

Table 6.3: Widths of the Gaussian distribution used for energy and momentum smearing of the various particles.
Binning in |η| of the associated parameters is given.

A transverse momentum dependent reconstruction e�ciency is applied for electrons. The muon
reconstruction e�ciency is given in two |η| bins. The reconstruction e�ciencies for electrons and
muons are listed in Table 6.4.

Object Absolute pseudorapidity bin Reconstruction e�ciency

Electrons |η| < 2.47 0.85− 0.191× exp
(
1− pT

20 GeV

)
[208]

Muons |η| < 0.1 0.54
0.1 < |η| < 2.5 0.97 [207]

Table 6.4: E�ciency to reconstruct a generated particle in the detector and assign the correct particle type,
estimated from full detector simulation.

Trigger e�iciency For each of the selected leptons, the analysis determines if it has activated the
trigger, causing the event to be written to storage. Trigger e�ciency estimates for single electron and
muon triggers are listed in Table 6.5. In the event selection, at least one of the selected leptons is
required to activate the trigger system.

Object Absolute pseudorapidity bin Trigger e�ciency

Electrons |η| < 2.5 0.88 [208]

Muons |η| < 1.05 0.7
1.05 < |η| < 2.4 0.86 [207]

Table 6.5: Trigger e�ciencies for single lepton triggers, provided by the given references.
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b-tagging e�iciency Each jet containing a b quark or antiquark is tagged as a b-jet with a certain
e�ciency evaluated from MC events with full detector simulation. This e�ciency takes into account
a pile-up contribution with an average number of interactions per bunch crossing of 〈µ〉 = 140. It is
parametrized as a function of pT and |η| with nine parameters [207, ch. 5]. The working point chosen
corresponds to an average e�ciency of 70 % for b-tagging.

Emiss
T smearing The Emiss

T observable is calculated as the negative of the vectorial sum of trans-
verse momenta of all objects in the event. In case the objects pT is modi�ed according to detector
resolution assumptions as described above, this new pT is entered in the Emiss

T calculation. In order
to account for additional uncertainties in the Emiss

T measurement of a real detector, such as pile-up
e�ects, a smearing prescription is applied as described in [207, 219].

6.3.3 Event selection criteria

Events modi�ed according to the performance projections are subject to object and event selection
criteria which enhance the signal and suppress the background contribution. Selection criteria for the
W±W±jj �nal state with a VBS topology are closely adapted from the 8-TeV-analysis [56]. Events
are required to ful�ll the following conditions:

• Exactly two leptons are required with the same electric charge, transverse momenta pT> 25 GeV,
pseudorapidity |η| < |η|tracker (the |η| extension of the tracker), distance ∆R(``) > 0.3, and in-
variant mass M(``) > 20 GeV. In the ee channel, |M(ee)−MZ | > 10 GeV. At least one of the
leptons has to trigger the trigger system.

• Missing transverse momentum is required to be Emiss
T > 40 GeV.

• At least two jets are reconstructed with the anti-kT algorithm with a cone parameter of 0.4, and
with transverse momentum pT > 30 GeV and |η| < 4.5. The two leading jets in pT are called
tagging jets as they are indicators of the VBS process. They are required to have an absolute
pseudorapidity di�erence of |∆η| > 2.8, which is increased with respect to the 8 TeV analysis.

• Events containing jets originating from b quarks are rejected with an e�ciency as determined
by the performance assumption study [207].

• Jets overlapping with electrons within a cone of ∆R = 0.2 are removed. Events containing a
pair of a selected lepton and a selected jet with ∆R(`j) < 0.3 are rejected.

• Events containing additional electrons with pT > 7 GeV or muons with pT > 6 GeV are rejected.

In a VBS event, the decay products of the vector bosons are expected to be found central with respect
to the tagging jets (cf. [52]). For the W±W±jj �nal state, this implies that the two leptons should be
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at smaller pseudorapidity than the two tagging jets. The centrality can be quanti�ed in a variable such
as the lepton centrality ζ :

ζ = min [min (η`1, η`2)−min(ηj1, ηj2),max(ηj1, ηj2)−max(η`1, η`2)]

Thus, in addition to above-mentioned selection criteria, events are further selected according to the
invariant mass of the tagging jetsMjj and the lepton centrality ζ . Both selection criteria are optimized
separately for the nominal and the extended tracking detector.

6.3.4 Statistical analysis of the expected discovery significance

Goal of this study is to estimate the sensitivity of a realistically projected future ATLAS detector to SM
and BSM signals. The sensitivity of the experiment is assessed by calculating the discovery signi�cance
of the respective signal hypothesis.

To establish the discovery of a signal, the p-value of the background-only hypothesis is determined
using a pro�le likelihood test statistic. The p-value is de�ned as the probability for the test statistic to
be found at values indicating equal or lower compatibility with the background-only hypothesis than
the observed data. The expected signi�cance of a measurement is calculated assuming the observation
of the expected signal (Asimov dataset).

It is common to convert the p-value to the Gaussian signi�cance Z , de�ned as

Z = Φ−1(1− p), (6.1)

where Φ−1 is the inverse cumulative probability densitiy function of the standard Gaussian. A signi�-
cance of Z = 5, corresponding to a p-value of 2.87×10−7, is widely accepted to establish a discovery.

The pro�le likelihood ratio λ (S = 0) is de�ned as

λ (0) =
L(N |0, ˆ̂

B)

L(N |Ŝ, B̂)
(6.2)

where ˆ̂
B is the conditional maximum likelihood estimator for B in the case S = 0, and Ŝ, B̂ are the

unconditional maximum likelihood estimators which are determined from the maximization of the
likelihood function L. From this, the test statistic is derived as

q0 =

{
−2 log λ (0) : N ≥M
0 : N < M

(6.3)

According to Wilks’ theorem [199], for large data samples −2 log λ (0) follows a χ2 distribution.
Using this, it can be shown (e.g. in [220]) that the median signi�cance can be calculated as

Z =
√
q0. (6.4)
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In general, the probability density function of the test statistic can be generated using toy MC ex-
periments. In this study, an analytic form of the test statistic is formulated, assuming a Poissonian
likelihood for the measurement of N events with mean S + B, convoluted with a Gaussian distribu-
tion describing the uncertainty of the background, which is measured to be M events. This yields the
likelihood function

L(N |S,B,M) =
(S +B)N

N !
e−(S+B) 1

2σ2
B

e−(M−B)2/(2σ2
B) (6.5)

with the number of expected signal events S, which is known without uncertainty. B is the expected
number of background events, which is Gaussian distributed with a standard deviation of σB and mean
B.

In this study, the relative background uncertainty is estimated as 15 %, which roughly corresponds
to the uncertainty in [56]. At 14 TeV with an integrated luminosity of 3000 fb−1, event yields will
be large enough such that the measurement uncertainty will be dominated by systematics and the
systematic uncertainty of the background cannot be neglected.

Calculating the estimators from the minimization of− logL and requiring only non-negative values
for the estimators yields

∂

∂B
(− logL(S = 0))

!
= 0 ⇒ ˆ̂

B =
1

2

(
M − σ2

B +
√

(M − σ2
B)2 + 4Nσ2

B

)
(6.6)

∂

∂S
(− logL)

!
= 0 ⇒ Ŝ = N −B (6.7)

∂

∂B
(− logL)

!
= 0 ⇒ B̂ = M (6.8)

Finally, the signi�cance can be estimated as

Z =

√
2

[
(S +B) log

(
S +B

B0

)
+B0 − S −B

]
+

(B −B0)2

σ2
B

(6.9)

with
B0 =

1

2
(B − σ2

B) +
√

(B − σ2
B)2 + 4(S +B)σ2

B. (6.10)

(cf. [221–223]).

6.4 Significance of SM signal measurement with the nominal atlas

detector

Optimization of selection according to the tagging jets invariant mass Mjj and the lepton

centrality ζ Applying all cuts listed above (Section 6.3.3), the combination of tagging jets invariant
massMjj and lepton centrality ζ cuts is optimized by maximizing the signi�cance calculated from the
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6.5 E�ect of the extension of the tracking detector on the SM signal measurement

resulting signal and background event yields. The optimization is performed iteratively varying both
cuts simultaneously in order to take into account correlations between the observables.

The signi�cance is estimated assuming a Poissonian likelihood with a systematic background uncer-
tainty that is Gaussian distributed, as described above. Final signi�cances are also calculated according
to equation 6.9, assuming a systematic uncertainty of 15 %. For the nominal tracking detector up to
|η| = 2.5, the optimum values of the tagging jets invariant mass Mjj and lepton centrality ζ selection
criteria are indicated in Table 6.6.

Cut Mjj > ζ >

Optimal value 1400 GeV 1.6

Table 6.6: Optimized selection criteria in case of the nominal inner detector up to |η|tracker ≤ 2.5.

Figure 6.2 shows the distributions of these variables after application of all selection criteria but the
one on the shown variable, and the respective optimization curves. For the optimization, the simulated
diboson background is scaled up to account for additional backgrounds. This way, it is assumed that
the other background has the same shape as the diboson background, which is conservative in this
region.

Results The resulting signi�cance for the SM W±W±jj-EW signal with these cuts applied and as-
suming a systematic uncertainty of 15 % on the background, also accounting for detector-e�ect back-
ground by scaling the ee and eµ channel, with an integrated luminosity of 3000 fb−1is Z = 18.7.

6.5 E�ect of the extension of the tracking detector on the SM signal

measurement

For this study, in each case the performance of the highest |η| bin already available from the above-
mentioned studies (see Section 6.3.2) is taken for the extended region. The ATLAS inner detector,
which acts as tracking device for charged particles in ATLAS, is extended from currently |η| . 2.5

(“nominal tracker”) to |η|tracker ≤ 4.0 (“extended tracker”).

6.5.1 Re-optimization of cuts

The selection applied using the tagging jets invariant mass Mjj and lepton centrality ζ is optimized
separately for the extended tracking detector with |η| < 4.0. The optimization is performed in the
same way as for the nominal tracker (see Section 6.4). The optimal values for these cuts are shown
in Table 6.7, and the corresponding kinematic distributions and opimization curves for the extended
tracker are shown in Figure 6.3. The resulting signi�cance for the SM signal, assuming a background
uncertainty of 15 % is Z = 24.2.
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(b) Optimization of ζ in the case of the nominal tracker. The optimized Mjj cut is applied.

Figure 6.2: Kinematic selection optimization in the nominal tracker. The diboson background ee and eµ channel
is scaled in order to account for additional background arising from detector e�ects.

Cut Mjj > ζ >

Optimal value 1500 GeV 1.3

Table 6.7: Optimized cuts for the extended inner detector up to |η|tracker ≤ 4.0.

6.5.2 Event yields and cut e�iciencies with an extended tracker

Event yields in the respective optimal phase spaces are presented in Table 6.8.
In the signal region optimized for the extended tracker, the event yields of each of the processes,

signal and backgrounds, are higher than in the optimal signal region for the nominal tracker, since
the selection criteria are looser. Comparing the event yields in one signal region shows that extending
the tracker leads to a signi�cant suppression of W±Zjj-EW and W±Zjj-QCD background, while
the W±W±jj-EW signal does not change signi�cantly. The W±W±jj-QCD background remains
constant and is small compared to the W±Zjj background.

In order to study the e�ects of the extended tracker independently of di�erent optimal cut values, the
same criteria (see tables 6.6 and 6.7) are applied using either a tracking detector up to |η|tracker ≤ 2.5

(nominal tracker) or up to |η|tracker ≤ 4.0 (extended tracker). Events are selected as described in
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(a) Optimization of Mjj in the case of the extended tracker. The optimized ζ cut is applied.
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(b) Optimization of ζ in the case of the extended tracker. The optimized Mjj cut is applied.

Figure 6.3: Phase space optimization for the extended tracker.

Section 6.3.3. Finally, the remaining selection criteria are applied: Cuts on the invariant massMjj and
the pseudorapidity di�erence |∆ηjj | of the tagging jets, the veto on additional, lower-pT leptons, and
the cut on lepton centrality ζ in this order. The event yields and e�ciencies of these consecutively
applied selection criteria are listed in Table 6.9.

While the signal selection is hardly a�ected by the extension of the tracker, the background selec-
tion is in�uenced in various ways. The W±W±jj-QCD background actually increases, but its total
number is very small. For the W±Zjj background, the extended tracker does not change the Mjj

and |∆η (jj) | e�ciencies. However, the veto on additional leptons leads to a stronger suppression of
W±Zjj background if the tracker is extended and more of the additional leptons pass the lepton ac-
ceptance. Finally, also the lepton centrality cut pro�ts from the extended tracker and leads to rejection
of more background events.
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6 Towards higher energy: W±W± scattering after the lhc and atlas upgrades

Signal region optimized for the Signal region optimized for the
nominal tracker extended tracker

(Mjj > 1400 GeV, ζ > 1.6) (Mjj > 1500 GeV, ζ > 1.3)

Process nominal |η|tracker extended |η|tracker nominal |η|tracker extended |η|tracker

W±W±jj-EW (Signal) 676 ± 13 669 ± 13 948 ± 15 957 ± 15
W±W±jj-QCD 3 ± 1 3 ± 1 5 ± 1 5 ± 1
W±Zjj-EW 60 ± 6 46 ± 6 88 ± 8 64 ± 7
W±Zjj-QCD 41 ± 13 25 ± 10 83 ± 19 37 ± 12
Detector background 69 ± 26 56 ± 25 119 ± 31 78 ± 29

Signi�cance 18.7 22.1 17.4 24.2

Table 6.8: Event yields in the respective optimized phase spaces for the nominal (|η|tracker ≤ 2.5) and the
extended (|η|tracker ≤ 4.0) tracker with an integrated luminosity of L = 3000 fb−1. Monte Carlo statistical
errors are given. Signal and diboson backgrounds are determined from MC simulated events with detector
performance projections applied. The detector-e�ect background is obtained by scaling the diboson event yields
with electrons in the �nal state by 0.94.
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6.5 E�ect of the extension of the tracking detector on the SM signal measurement

Using the phase space optimized for nominal tracker extension (Table 6.6)
Nominal tracker |η|tracker ≤ 2.5

W±W±jj-EW W±W±jj-QCD W±Zjj-EW W±Zjj-QCD
Cut N (events) ε [%] N (events) ε [%] N (events) ε [%] N (events) ε [%]

Mjj > 1400 GeV 2662 ± 25 25 269 ± 8 3 461 ± 18 12 914 ± 62 1
|∆ηjj | > 2.8 2508 ± 25 94 106 ± 5 40 434 ± 18 94 790 ± 57 86
Veto add. leptons 2467 ± 24 98 104 ± 5 98 272 ± 14 63 501 ± 46 63
ζ > 1.6 676 ± 13 27 2.9 ± 0.8 3 60 ± 7 22 41 ± 13 8

Extended tracker |η|tracker ≤ 4.0

W±W±jj-EW W±W±jj-QCD W±Zjj-EW W±Zjj-QCD
Cut N (events) ε [%] N (events) ε [%] N (events) ε [%] N (events) ε [%]

Mjj > 1400 GeV 3047 ± 27 23 425 ± 10 4 484 ± 18 11 1109 ± 68 1
|∆ηjj | > 2.8 2872 ± 26 94 211 ± 7 50 456 ± 18 94 960 ± 63 87
Veto add. leptons 2813 ± 25 98 207 ± 7 98 226 ± 13 50 497 ± 45 52
ζ > 1.6 669 ± 13 24 2.6 ± 0.8 1 46 ± 6 20 25 ± 10 5

Using the phase space optimized for extended tracker extension (Table 6.7)
Nominal tracker |η|tracker ≤ 2.5

W±W±jj-EW W±W±jj-QCD W±Zjj-EW W±Zjj-QCD
Cut N (events) ε [%] N (events) ε [%] N (events) ε [%] N (events) ε [%]

Mjj > 1500 GeV 2386 ± 24 22 217 ± 7 3 405 ± 17 10 732 ± 55 1
|∆ηjj | > 2.8 2257 ± 23 95 89 ± 5 41 381 ± 16 94 637 ± 51 87
Veto add. leptons 2221 ± 23 98 88 ± 5 98 237 ± 13 62 389 ± 40 61
ζ > 1.3 948 ± 15 43 5.0 ± 1.1 6 88 ± 8 37 83 ± 19 21

Extended tracker |η|tracker ≤ 4.0

W±W±jj-EW W±W±jj-QCD W±Zjj-EW W±Zjj-QCD
Cut N (events) ε [%] N (events) ε [%] N (events) ε [%] N (events) ε [%]

Mjj > 1500 GeV 2737 ± 26 21 348 ± 9 3 429 ± 17 10 910 ± 61 1
|∆ηjj | > 2.8 2592 ± 25 95 179 ± 7 51 402 ± 17 94 782 ± 57 86
Veto add. leptons 2539 ± 25 98 175 ± 7 98 194 ± 12 48 397 ± 41 51
ζ > 1.3 958 ± 15 38 4.8 ± 1.1 3 64 ± 7 33 37 ± 12 9

Table 6.9: Event yields remaining after successive application of kinematic selection criteria, in the given order.
Cut values from previous optimization are used. Event numbers are given for the signal as well as the main
diboson background processes, and event numbers are scaled to L = 3000 fb−1.
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6 Towards higher energy: W±W± scattering after the lhc and atlas upgrades

6.5.3 E�ect of the extended tracker on the additional lepton veto

Since the dominant background to the `±`±+Emiss
T �nal state arises from 3-lepton �nal states where

one lepton is not reconstructed, requiring exactly two leptons in the �nal state suppresses a large
amount ofW±Zjj background (loose additional lepton veto). The background suppression is improved
if also leptons outside of the nominal acceptance are counted: Events with additional leptons having
lower transverse momenta (pT > 7 GeV for electrons, pT > 6 GeV for muons) are rejected (strict addi-
tional lepton veto).

Figure 6.4 shows the number of additional leptons with pT > 7 (6) GeV for electrons (muons) before
the strict additional lepton veto and the lepton centrality cut is applied. All other cuts are applied,
including the selection of exactly two leptons passing nominal selection criteria (pT > 25 GeV).
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Figure 6.4: Additional lepton multiplicity for nominal and extended tracker with pT >7 (6) GeV. In both cases,
the same Mjj > 1500 GeV and |∆ηjj | > 2.8 cut is applied. Each histogram is scaled to the same area in order
to show which fraction of events contributes to which multiplicity, regardless of the total numbers.

As expected, more W±Zjj events contribute to the one-lepton bin when the tracking detector is
extended.

Using the strict additional leptons veto instead of the loose veto, the signi�cance increases from 11.7
to 17.4 using the nominal tracker (|η|tracker ≤ 2.5), and from 12.4 to 24.2 using the extended tracker
(|η|tracker ≤ 4.0). The signi�cances with loose and strict veto are summarized in Table 6.10.

tracking |η|tracker ≤ 2.5 tracking |η|tracker ≤ 4.0
loose veto strict veto loose veto strict veto

Signi�cance 11.7 17.4 12.4 24.2

Table 6.10: Signi�cances with and without additional lepton veto.
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6.5.4 Significance as a function of |η|tracker extension

Using the optimized cuts for the extended tracker (Table 6.7) the analysis is repeated for several dif-
ferent |η|tracker values. Table 6.11 shows the dependence of the overall signi�cance on the |η|tracker.
With increasing extension of the tracker, the signi�cance of the W±W±jj-EW signal increases, as
the background rejection pro�ts from the extended tracker.

|η|tracker 2.5 2.8 3.1 3.4 3.7 4.0

Signi�cance 17.4 19.6 20.5 21.5 21.0 24.2

Table 6.11: Signi�cance in dependence of the tracker extension.

6.6 Resonances inW±W±jj-EW: Prospects at 14 TeV

6.6.1 Resonance model

Additional resonances in VBS are introduced via an e�ective electroweak chiral Lagrangian [224] con-
taining model-independent resonances with di�erent spin-isospin con�gurations. The amplitudes
containing resonances are unitarized with the K-matrix method. This model is implemented in the
generator Whizard as described in [44].

In the W±W± channel, the resonance of choice in this study is the Φ resonance with spin J = 0

and isospin I = 2, and electric charge ±2.
To assess the sensitivity of the W±W±-VBS channel to this type of resonance, samples with two

di�erent mass values of the Φ resonance (mΦ = 500, 1000 GeV) each with three di�erent couplings
(g = 1.0, 1.75, 2.5) have been generated. The resonance’s width is calculated according to ΓΦ =

(g2)/(64π)× (m3
Φ)/(v2) with the vaccuum expectation value of the Higgs �eld v. A SM Higgs boson

with mass mH = 125 GeV is included in the model.

6.6.2 Selection and kinematics of resonances

The optimization performed above enhances the SMW±W±jj-EW signal with respect to the SM dibo-
son backgrounds. However, for the extraction of BSM resonances in this �nal state, the SMW±W±jj-
EW component should be suppressed. Therefore, the optimal cuts for SM extraction in general are not
the optimal cuts for the discovery of a new resonance.

As Figure 6.5 shows, the SM background can be further suppressed for instance by applying a cut
on the azimuthal separation of the leptons, ∆φ (``).

The resonances have large contributions at invariant masses of the tagging jets lower than the SM
signal selection criteria (Mjj > 1400 GeV orMjj > 1500 GeV). This is shown in Figure 6.6. Therefore,
this cut should be lowered in order to gain signal events contributed from the resonance.
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Figure 6.5: Distribution of ∆φ (``) for the Φ resonance with a mass mΦ = 1000 GeV and coupling g = 2.5,
shown for the nominal (left) and the extended tracker (right). In both cases, the cuts optimized for the respective
tracker extensions for the SM signal extraction are applied on the lepton centrality and the invariant mass of
the tagging jets (tables 6.6 and 6.7).

As a consequence, three di�erent signal regions based on the previous optimization results were com-
pared in order to �nd an optimized selection: All cuts as de�ned in Section 6.3.3 are applied. Addition-
ally, the cuts found to be optimal for the nominal or the extended tracker are applied (tables 6.6 and 6.7)
and compared to the case when Mjj > 1000 GeV and ζ > 1.6 are required instead. In each of these
signal regions the optimal ∆φ (``) selection is applied. The latter cut set proves to yield the highest
discovery signi�cances for resonances in both the nominal and the extended tracker, combined with
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Figure 6.6: Distribution of the tagging jets’ invariant massMjj for the Φ resonance with a massmΦ = 1000 GeV
and coupling g = 2.5. Both tracking detector setups are shown, the nominal extension up to |η|tracker ≤ 2.5
(left) and the extended tracker up to |η|tracker ≤ 4.0 (right). In both cases, a lepton centrality cut ζ > 1.6 and a
∆φ (``) > 2.5 cut is applied.
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a ∆φ (``) cut. This is demonstrated exemplarily in Table 6.12 comparing the signi�cances in di�erent
signal regions for one speci�c resonance (mΦ = 500 GeV and coupling g = 1.75).

Cuts Mjj > 1400 GeV Mjj > 1500 GeV Mjj > 1000 GeV
ζ > 1.6 ζ > 1.3 ζ > 1.6

∆φ (``) cut Z ∆φ (``) cut Z ∆φ (``) cut Z

Nominal tracker 2.5 42.3 2.5 34.5 2.5 42.3
Extended tracker 2.5 42.3 2.6 35.4 2.5 44.9

Table 6.12: Discovery signi�cances for a Φ resonance with mass mΦ = 500 GeV and coupling g = 1.75.

Similar behavior was found for other resonance con�gurations: also for other values of the coupling
or mass, the cut set with Mjj > 1000 GeV yields the highest signi�cance of the three cut sets. As a
result of this optimization, the invariant mass and lepton centrality are required to be

Mjj > 1000 GeV and ζ > 1.6 (6.11)

for the extraction of resonance signals in the following. This selection is optimal for both the nominal
tracker as well as the tracking detector extended to |η|tracker ≤ 4.0. For the resonance signal extraction,
the optimal ∆φ (``) cut is determined in addition (see sec. 6.6.3), and varies for each resonance type,
mass, and coupling, and the extension of the tracker.

Kinematic distributions after these selections are shown in Appendix E.

6.6.3 Nominal tracker vs. extended tracker

For each resonance the optimal cut on ∆φ (``) as well as the corresponding discovery signi�cance is
determined and shown in tables 6.13 and 6.14.

mΦ = 500 GeV nominal tracker extended tracker

coupling g ∆φ (``) > Z ∆φ (``) > Z

1 2.9 20.6 2.6 21.6
1.75 2.5 42.3 2.5 44.9
2.5 2.5 67.2 2.6 71.4

Table 6.13: Discovery signi�cances for Φ resonance with mΦ = 500 GeV using the nominal or the extended
tracking detector and scaled to a luminosity of L = 3000 fb−1 at

√
s = 14 TeV.

In conclusion, the discovery signi�cances for such a BSM resonance increase slightly by up to
6 % with the tracker extension. As the main bene�t of the extended tracker is the suppression of
W±Zjj background, while the in�uence on W±W± resonances is rather small. The selection crite-
ria under investigation in this study (Mjj , ζ , ∆φ (``)) pro�t slightly from the tracker extension.

145



6 Towards higher energy: W±W± scattering after the lhc and atlas upgrades

mΦ = 1000 GeV nominal tracker extended tracker

coupling g ∆φ (``) > Z ∆φ (``) > Z

1 2.9 19.6 2.9 20.0
1.75 2.9 32.5 2.9 33.7
2.5 2.9 42.9 2.7 44.8

Table 6.14: Discovery signi�cances for Φ resonance with mΦ = 1000 GeV using the nominal or the extended
tracking detector and scaled to a luminosity of L = 3000 fb−1 at

√
s = 14 TeV.

6.6.4 Luminosity and coupling dependent discovery significance

The possible discovery signi�cance of Φ-type resonances increases with the collected luminosity, and
di�ers according to the resonance mass and couplings. This dependence is investigated using the
optimal kinematic selection for resonances (Equation 6.11) as well as application of the respective
optimum cut in ∆φ (``).

The discovery signi�cance of these resonances in dependence of the integrated luminosity is shown
in Figure 6.7. In this case, only the nominal tracker extension up to |η|tracker ≤ 2.5 is considered.
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Figure 6.7: Discovery signi�cance of the Φ resonance with the atlas detector with nominal tracking detector
extension, in dependence of the collected integrated luminosity of the LHC, for two di�erent masses of the Φ
resonance and three di�erent values of the coupling.

At a given luminosity, the signal of a higher coupling resonance is observed with a higher signi�-
cance. As Figure 6.7 shows, the investigated combinations of resonance masses and couplings could
be discovered relatively early in the next LHC run, if they exist: The last one crosses the 5σ threshold
at an integrated luminosity of L = 40 fb−1. Thus, it will be possible to search for Φ-type resonances
with masses higher than mΦ = 1000 GeV, which were not investigated in this study.
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6.7 Outlook

On the other hand, it will also be possible to search for resonances with lower values of the coupling
constant g. With a larger integrated luminosity, resonances with smaller couplings can be discovered,
if they exist. This is illustrated in Figure 6.8.
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Figure 6.8: Discovery signi�cance of the Φ resonance in dependence of the coupling constant g of the reso-
nance for several di�erent amounts of integrated luminosity for two di�erent masses. The red line indicates the
signi�cance of 5σ, which is the threshold for discovery.

6.7 Outlook

After the discovery of the Higgs-like boson, the scattering of electroweak bosons remains an insightful
process at the current and upgraded LHC. It will continue to provide information on the nature of the
EWSB mechanism through the measurement of the V V jj-EW cross sections in various channels and
the possibility to discover or exclude additional resonances in the diboson channels.

The W±W±jj-EW process can be rediscovered with high signi�cance at the upgraded LHC. If the
tracking detector of atlas is extended to the forward region up to |η| = 4.0, the signi�cance will
increase by ∼30 % as the W±Zjj background suppression will be improved. The full background
composition at higher energies will have to be studied using measured data.

A generic spin J = 0 and isospin I = 2 resonance with mass up to 1000 GeV and coupling up to 2.5
could be discovered with a luminosity of L = 40 fb−1at the 14 TeV LHC. We can therefore conclude
that it will be possible to �nd or exclude resonances with higher masses at the HL-LHC, which have
not been studied in the scope of this work. The extension of the tracker has a small e�ect on the
resonance search as well. In the signal region found to be optimal among the given choices, the e�ect
is up to 6 % increase in signi�cance with an extended tracker.
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6 Towards higher energy: W±W± scattering after the lhc and atlas upgrades

6.7.1 Vector boson sca�ering in other diboson channels

At the 8 TeV LHC, the only VBS channel for which the V V jj-EW process was signi�cantly measured
is the scattering of two W bosons with the same electric charge. In other �nal states, the V V jj-EW
process has not been observed at the 8 TeV LHC as these are predominated by background processes.

BSM resonances in VBS in other �nal states have been studied in previous studies [215–217] of
which the MC production was also partially performed in the scope of this work. In these studies, the
prospects of excluding e�ective anomalous quartic gauge couplings or model-independent additional
resonances with the atlas detector at the HL-LHC have been studied in the channels ZZ → ````,
WZ → `ν``, W±W±→ `±ν`±ν, WW → `νjj, and W±W∓ → `±ν`∓ν.

The goal for the next run of the LHC is the measurement of V V jj �nal states in a VBS-like phase
space in the channelsWZjj, ZZjj, andW±W∓jj in order to discover the SM V V jj-EW production
including VBS or to �nd new physics in this channel. A challenge will be the attempt of extracting the
scattering of two longitudinally polarized weak bosons.

6.7.2 VBS at future accelerators

Apart from the HL-LHC, other accelerators with potential to study VBS are currently in di�erent
phases of development:

First of all, a linear electron-positron collider with a center-of-mass energy of 500 GeV to 1 TeV is
being planned by the ILC collaboration (International Linear Collider). It provides the opportunity to
measure VBS more precisely in an environment with lower hadronic activity than the LHC [225]. In
case of new physics in this sector, studying VBS at the ILC will provide a complementary measurement
to the LHC, which is sensitive to resonances with masses above the ILC’s energy range.

In a more remote future experiment, a muon collider would be suitable to study VBS as well. A
phenomenological study [226] has investigated the prospects for VBS measurement at a muon-muon
collider with

√
s = 4 TeV. With a collision energy well above ILC range and the advantage of the

jet-free environment of the lepton collider, it would provide the opportunity to investigate the shapes
of diboson distributions in V V jj �nal states and make it possible to distinguish the scattering of
longitudinal bosons only with respect to transversely polarized bosons.
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CHAPTER 7

Summary and conclusions

The study of the scattering of massive electroweak vector bosons at the LHC addresses two insuf-
�ciently explored aspects of the Standard Model of particle physics: The nature of the electroweak
symmetry breaking mechanism and the self-interactions of the electroweak bosons. With proton-
proton collision data from the atlas detector at the lhc, the work at hand has started the e�ort of the
clari�cation of both of these aspects through the �rst measurement of electroweak production of two
like-chargeW bosons and two jets. This is also the �rst measurement of any process dominated by the
scattering of two massive electroweak gauge bosons and therefore the �rst observation of a process
containing the contribution from the quartic gauge interaction of massive electroweak gauge bosons
at tree-level.

To prepare the analysis, Monte Carlo methods are utilized to generate the appropriate theoretical
predictions for signal and background processes. Available Monte Carlo tools have been validated
in this work. The signal process is de�ned as the electroweak production of two massive electroweak
gauge bosons, which subsequently decay, and two jets. It contains the scattering of electroweak vector
bosons as well as all processes not separable in a gauge invariant way, including non-resonant contri-
butions producing the same �nal state. Crucial settings for the generation of this process include the
right choice of electroweak scheme and the setup of the phase space and the phase space sampling.

Additionally, the important background of QCD-mediated production of the same �nal state has
been investigated. In the case ofW±W± scattering, the ratio of QCD-mediated to electroweak produc-
tion is small compared to the scattering of other combinations of electroweak gauge bosons W±W∓,
WZ , and ZZ , making this channel the suitable candidate for the �rst measurement of a process
containing electroweak gauge boson scattering. Suppressing QCD-mediated production of two elec-
troweak gauge bosons and two jets, the phase space region dominated by vector boson scattering is
selected by requiring two highly energetic forward jets.

Other background contributions to the electroweak production of two like-charge W bosons and
two jets include contributions from charge mis-identi�cation of leptons, jets mis-measured as leptons,
and secondary leptons from hadron decays which have been estimated with data driven techniques.
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7 Summary and conclusions

The dominant background contribution arises from events with three or four leptons due to the pro-
duction of WZ or ZZ and two jets where the W and Z bosons decay leptonically. This background
is suppressed by a veto on events with additional leptons selected with loose quality requirements.
Monte Carlo simulations are used to estimate the contribution from WZjj and ZZjj processes.

The production cross section for two like-chargeW bosons and two jets via electroweak interactions
only has been extracted in a �ducial phase space dominated by W±W± scattering. The measured
�ducial cross section σfiducial

W±W±jj−EW = 1.3 ± 0.4(stat.) ± 0.2(syst.) fb is in good agreement with
the Standard Model prediction of σfiducial

W±W±jj−EW = 0.95 ± 0.06 fb, which has been determined at
next-to-leading order in perturbative QCD. Comparing the theoretical prediction to the measurement,
it can be concluded that the next-to-leading order QCD calculation provides su�cient accuracy to
model current data. In future, when statistical uncertainties decrease and if systematic uncertainties
are reduced due to better understanding of their sources, next-to-leading order electroweak or higher
order QCD corrections might become important.

In order to scrutinize possible e�ects of new physics, anomalous quartic gauge couplings have been
studied in the context of W±W± scattering. The anomalous quartic gauge coupling parameters α4

and α5 are introduced as coe�cients to higher-order terms in an e�ective �eld theory, the Electroweak
Chiral Lagrangian. As the introduction of these anomalous couplings leads to violation of the unitar-
ity of the scattering amplitude, the K-matrix unitarization scheme has been applied. It acts like an
in�nitely heavy resonance and suppresses the cross section as little as possible. Non-zero anomalous
quartic gauge couplings have an in�uence on the total cross section of the scattering process as well as
the kinematics of the �nal state particles. Based on the simulation of these e�ects, the �rst limits on the
parameters α4 and α5 have been derived from the measurement. Values of the anomalous couplings
outside the ranges−0.14 < α4 < 0.16 and−0.23 < α5 < 0.24 are excluded at 95 % con�dence level.

While quartic electroweak gauge interactions have been unconstrained by previous data, the dis-
covery of a Higgs boson compatible with the Standard Model has provided some previous insight into
the nature of the electroweak symmetry breaking mechanism. No signs of physics beyond the Stan-
dard Model have been found in the measurement of electroweak production of two like-charge W
bosons and two jets. The Standard Model thus continues to prove its success at describing nature at
the currently accessible experimental energies. Its prescription of both the quartic electroweak gauge
interactions and the unitarization of the vector boson scattering amplitude provided by the Higgs
mechanism has been probed and found to be valid for the measurement.

Higher collision energies will shed more light at the nature of the electroweak symmetry breaking
mechanism and the self-interaction of the electroweak gauge bosons. With increasing center-of-mass
energy and luminosity, the lhc will provide su�cient data to further explore the process of vector
boson scattering in the W±W± channel. Prospects for this measurement have been studied in this
thesis. As the ratio of electroweak to QCD-mediated production ofW±W±jj increases, the extraction
of the electroweak production will be facilitated. Extending the tracker of the atlas detector to a
pseudorapidity of |η| = 4.0 will increase the signi�cance of the measurement by 30 %.
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To advance the knowledge about scattering dynamics of massive electroweak gauge bosons, other
channels should be measured at the lhc and future colliders. Theoretical tools for the fast and accurate
simulation of these processes could be advanced, for instance by providing electroweak higher-order
corrections. To complete the investigation of electroweak gauge boson scattering, extraction of the
scattering component of longitudinally polarized W and Z bosons would be useful.
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APPENDIX A

Steering files for MC simulation of vector boson

sca�ering processes

Two example minimal steering �les for electroweak production of V V jj events are included in this
appendix. Important settings are explained in the following, both for the W±W±jj-EW and the
W±Zjj-EW case. The steering �les are written in the native Whizard language Sindarin and work
with Whizard version 2.1.1. A complete documentation for Whizard can be found in the man-
ual [227].

• The utilized physical model can be chosen by the model speci�er. Available models include the
Standard Model (SM), as well as several e�ective �eld theory models with possibility to unitarize
with the k-matrix method (e.g. SM_km).

• alphas = 0 sets the strong coupling constant to zero in order to include only purely-electroweak
diagrams.

• Several containers of particles concatenated by colon (:) are built and assigned to variables with
the alias command. This allows for easier book-keeping and faster implementation, as �avors
are summed automatically.

• The mass of the light leptons (e, µ) and light quarks (u, d, s, c) are set to zero in order to make
automatic �avor summation possible.

• The mass of τ leptons cannot be set to zero as non-zero mass is required for the external decay
algorithm. Therefore, processes involving τ leptons in the �nal state of the matrix element are
speci�ed separately.

• Phase space commands can be given, such as ?phs_keep_nonresonant = true which takes
care that regions of o�-shell resonances are not neglected in the phase space.
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A Steering �les for MC simulation of vector boson scattering processes

• The scale command allows to set the factorization and renormalization scales simultaneously.
scale = eval M [collect [allleptons]] determines the invariant mass of the leptonic decay
products of the bosons for each event.

• Model speci�c parameters, such as the anomalous quartic gauge couplings α4 and α5, denoted
in Whizard by a4 and a5 can be given.

• Phase space cuts are set according to the Whizard syntax.

• The compile command issues the compilation of matrix-element code.

• The collision energy and PDF information is provided.

• For the integration, the number of calls per iteration is provided in order to ensure su�cient
sampling density. An accuracy goal can be set, at which the integration will be stopped.

• Events are generated according to the de�ned number and provided in the de�ned format. The
?keep_beams = false is needed for the interface to the external Pythia8 parton shower.

A.1 W±W±jj-EW generation input

###############################################

# Electroweak production of l+/-l+/- nu nu jj with Whizard

# anomalous couplings a4, a5 in SM_km.mdl

###############################################

model = SM_km

alphas = 0

# Set particle containers and process =============================

alias nu = n1:n2

alias NU = N1:N2

alias neutrino = n1:n2:n3:N1:N2:N3

alias lep = e1:e2

alias LEP = E1:E2

alias lepton = e1:E1:e2:E2:e3:E3

alias j = u:d:s:c:U:D:S:C:g

alias allleptons = lepton:neutrino

process vbslplp = j, j => j, j, LEP, LEP, nu, nu

process vbslmlm = j, j => j, j, lep, lep, NU, NU

process vbstplp = j, j => j, j, E3, LEP, n3, nu
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A.1 W±W±jj -EW generation input

process vbstmlm = j, j => j, j, e3, lep, N3, NU

process vbstauptaup = j, j => j, j, E3, E3, n3, n3

process vbstaumtaum = j, j => j, j, e3, e3, N3, N3

# Set parameters ========================================

scale = eval M [collect [allleptons]]

mtau = 1.77705

mH = 126 GeV

wH = 0.00418 GeV

me = 0 mmu = 0

ms = 0 mc = 0

?phs_keep_nonresonant = true

a4 = 0

a5 = 0

cuts = all Dist > 0.4 [j,j] and all -5.0 < Eta < 5.0 [j] and all Pt > 15 GeV [j]

and all -5.0 < Eta < 5.0 [lepton] and all Pt > 8 GeV [lepton]

# Compile matrix-element calculation =============================

compile

# Set up integration =======================================

sqrts = 8 TeV

$lhapdf_file = "cteq6ll.LHpdf"

beams = p, p => lhapdf

integrate (vbslplp,vbslmlm,vbstplp,vbstmlm,vbstauptaup,vbstaumtaum)

{iterations= 14:200000, 14:100000}

# Set up event generation ====================================

n_events = 50000

sample_format = lhef

simulate (vbslplp,vbslmlm,vbstplp,vbstmlm,vbstauptaup,vbstaumtaum)

{checkpoint = 500 ?keep_beams = false}

157



A Steering �les for MC simulation of vector boson scattering processes

A.2 W±Zjj-EW generation input

###############################################

# Electroweak production of lll nu jj with Whizard

# anomalous couplings a4, a5 in SM_km.mdl

###############################################

model = SM_km

alphas = 0

# Set particle containers and process =============================

alias j = u:d:s:c:b:U:D:S:C:B:g

alias lepton = e1:E1:e2:E2:e3:E3

alias charlep = e1:E1:e2:E2

alias neu = n1:N1:n2:N2

alias taulep = e3:E3

alias taulepnu = n3:N3

alias allleptons = charlep:taulep:neu:taulepnu

process wz1 = j, j => j, j, charlep, charlep, charlep, neu

process wz2 = j, j => j, j, taulep, taulep, taulep, taulepnu

process wz3 = j, j => j, j, taulep, taulep, charlep, neu

process wz4 = j, j => j, j, charlep, charlep, taulep, taulepnu

# Set parameters ========================================

scale = eval M [collect[allleptons]]

mtau = 1.77705

mH = 126 GeV

wH = 0.00418 GeV

me = 0 mmu = 0

ms = 0 mc = 0

mb = 0

?phs_keep_nonresonant = true

a4 = -0.4

a5 = 0

cuts = all Dist > 0.4 [j,j] and all Pt > 15 GeV [j] and all -5.0 < Eta < 5.0

[j] and all Pt > 5 GeV [extract index 2 [sort by -Pt [lepton]]] and all -5.0

< Eta < 5.0 [lepton] and all Dist > 0.3 [lepton,lepton]
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A.2 W±Zjj-EW generation input

# Compile matrix-element calculation =============================

compile

# Set up integration =======================================

sqrts = 8 TeV

$lhapdf_file = "CT10.LHgrid"

beams = p, p => lhapdf

accuracy_goal = 10

integrate (wz1,wz2,wz3,wz4) {iterations = 15:400000, 10:200000 }

n_events = 5000

sample_format = hepmc

simulate (wz1,wz2,wz3,wz4) { checkpoint = 500 ?keep_beams = false}
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APPENDIX B

Kinematics in the VBS signal region

The following �gures illustrate kinematics of the leptons and tagging jets in the VBS signal region.
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Figure B.1: Transverse momenta of leptons in the VBS signal region. The hatched area represents the systematic
uncertainty on the total prediction.
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B Kinematics in the VBS signal region
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Figure B.2: Dilepton kinematics in the VBS signal regions. The hatched area represents the systematic uncer-
tainty on the total prediction.
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Figure B.3: Kinematics in the VBS signal region. The hatched area represents the systematic uncertainty on the
total prediction.
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Figure B.4: Number of jets (left) and lepton centrality (right), de�ned as
ζ = min [min (η`1, η`2)−min(ηj1, ηj2),max(ηj1, ηj2)−max(η`1, η`2)],
in the VBS signal region. The hatched area represents the systematic uncertainty on the total prediction.
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Figure B.5: Kinematic properties of the leading tagging jet, i.e. the jet with the largest pT in the event. The
hatched area represents the systematic uncertainty on the total prediction.
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APPENDIX C

Anomalous quartic gauge couplings in vector

boson sca�ering

C.1 Comparison of anomalous couplings inWZ andW±W±

sca�ering

Scattering of WZ bosons is sensitive to anomalous quartic gauge couplings. Comparing the contour
lines of cross sections in the α4, α5-plane between the W±W±jj-EW and the W±Zjj-EW process
in �gure C.1 illustrates that both processes highest sensitivity to aQGC lies in di�erent areas of the
α4, α5-plane.
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Figure C.1: Contour lines in the α4, α5-plane forWZjj-EW (solid blue line) andW±W±jj-EW (dashed green
line), generated with Whizard in an inclusive sample phase space, (C.1) (with an additional cut of ∆R(`, `) for
the W±Zjj-EW process. Distances between contour lines are arbitrary.
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C Anomalous quartic gauge couplings in vector boson scattering

C.2 Anomalous couplings samples used inW±W±jj-EW

The following samples have been produced in the scope of this work for the measurement of anomalous
couplings in W±W± scattering at atlas. The sample phase space is constrained as follows:

Outgoing partons : pT > 15 GeV, |η| < 5, ∆R(jj) > 0.4;

Leptons : pT > 8 GeV, |η| < 5; (C.1)

and the factorization and renormalization scales are set to the invariant mass of outgoing leptons and
neutrinos,

µF = µr = M(`1, `2, ν1, ν2). (C.2)

A SM Higgs boson with mass mH = 126 GeV and width ΓH = 4.18 MeV is included, and the PDF set
cteq6ll is used.

α4 α5 dataset ID σsample PS [fb] A [%] εee [%] εeµ [%] εµµ [%]

0.00 0.00 185310 14.72 ± 0.02 4.61 ± 0.06 49.2 ± 2.3 62.5 ± 1.5 68.0 ± 2.1
0.00 0.10 185313 16.93 ± 0.02 5.66 ± 0.06 55.1 ± 2.0 61.3 ± 1.4 71.9 ± 1.8
0.00 0.20 185318 21.16 ± 0.02 6.63 ± 0.07 55.4 ± 1.8 70.2 ± 1.2 67.7 ± 1.7
0.00 -0.10 185314 17.98 ± 0.02 5.61 ± 0.06 59.7 ± 1.9 66.7 ± 1.3 74.1 ± 1.8
0.00 -0.20 185317 22.88 ± 0.02 7.09 ± 0.07 55.7 ± 1.7 66.5 ± 1.2 74.2 ± 1.6
0.10 0.00 185311 19.13 ± 0.02 6.92 ± 0.07 54.8 ± 1.8 69.7 ± 1.2 69.6 ± 1.7
0.10 0.10 185321 23.00 ± 0.02 7.32 ± 0.07 61.8 ± 1.6 65.9 ± 1.2 73.2 ± 1.6
0.10 -0.20 185327 15.90 ± 0.02 4.75 ± 0.06 49.7 ± 2.2 66.0 ± 1.4 70.7 ± 2.1
0.10 -0.40 185324 26.26 ± 0.02 7.04 ± 0.07 60.4 ± 1.7 68.8 ± 1.2 79.4 ± 1.5
0.20 -0.30 185326 18.40 ± 0.02 5.76 ± 0.06 56.4 ± 1.9 66.8 ± 1.3 70.2 ± 1.8
0.30 -0.20 185320 25.47 ± 0.03 7.78 ± 0.07 62.9 ± 1.6 71.0 ± 1.1 71.4 ± 1.5
0.30 -0.60 185316 23.15 ± 0.02 5.86 ± 0.06 53.3 ± 1.9 62.0 ± 1.4 67.0 ± 1.9

-0.10 0.00 185312 20.88 ± 0.02 6.64 ± 0.07 56.4 ± 1.8 66.3 ± 1.2 72.2 ± 1.7
-0.10 0.20 185328 16.00 ± 0.02 5.15 ± 0.06 48.3 ± 2.0 62.1 ± 1.5 67.2 ± 2.0
-0.10 0.40 185323 24.62 ± 0.02 6.83 ± 0.07 59.2 ± 1.7 69.2 ± 1.2 71.4 ± 1.7
-0.10 -0.10 185322 25.62 ± 0.03 7.71 ± 0.07 61.6 ± 1.6 65.5 ± 1.2 69.1 ± 1.6
-0.20 0.30 185325 19.28 ± 0.02 6.33 ± 0.07 54.1 ± 1.8 67.7 ± 1.3 68.4 ± 1.7
-0.30 0.20 185319 28.60 ± 0.03 7.56 ± 0.07 58.8 ± 1.7 70.2 ± 1.1 68.1 ± 1.6
-0.30 0.60 185315 23.13 ± 0.02 6.09 ± 0.07 55.1 ± 1.9 67.9 ± 1.2 72.4 ± 1.8

Table C.1: List of fully simulated Whizard aQGC signal samples with their corresponding dataset IDs. Addi-
tionally, the total sample cross section σsample PS, the acceptance for the �ducial VBS region A and the signal
e�ciencies ε in the three �nal states are given. The quoted uncertainties represent statistical uncertainties
only. [191]
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C.3 Kinematics ofW±W±jj-EW events with anomalous couplings

Additional kinematic distributions for three points in the α4, α5-plane are shown in this appendix.
All observables are depicted in the VBS analysis region. Three di�erent points in α4, α5 are chosen
to illustrate the e�ect of varying the anomalous couplings.
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Figure C.2: Comparison of lepton kinematics in the VBS region in the SM and three points in the α4, α5-
plane close to the sensitivity of the measurement. The �lled histogram shows the SM prediction, and the three
additional lines the total prediction including contributions from non-zero anomalous couplings. The hatched
area represents the systematic uncertainty on the total prediction.
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Figure C.3: Comparison of dilepton kinematics and missing transverse momentum in the VBS region in the SM
and three points in the α4, α5-plane close to the sensitivity of the measurement. The �lled histogram shows
the SM prediction, and the three additional lines the total prediction including contributions from non-zero
anomalous couplings. The hatched area represents the systematic uncertainty on the total prediction.
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Figure C.4: Comparison of dijet kinematics in the VBS region in the SM and three points in the α4, α5-plane
close to the sensitivity of the measurement. The �lled histogram shows the SM prediction, and the three addi-
tional lines the total prediction including contributions from non-zero anomalous couplings. The hatched area
represents the systematic uncertainty on the total prediction.
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Figure C.5: Comparison of the kinematics of the leading jet in the VBS region for the SM and for three points
in the α4, α5-plane close to the sensitivity of the measurement. The �lled histogram shows the SM prediction,
and the three additional lines the total prediction including contributions from non-zero anomalous couplings.
The hatched area represents the systematic uncertainty on the total prediction.
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APPENDIX D

Monte Carlo samples used for the analysis of

W±W±jj at 8 TeV

Monte Carlo samples of the relevant processes simulated within the atlas simulation framework are
listed in Tables D.1 and D.2.
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APPENDIX E

Kinematic distributions of resonances at 14 TeV

Kinematic distributions of a Φ resonance in the `±ν`±νjj �nal state are shown below, using the nominal tracker
setup of atlas (|η|tracker < 2.5). They are selected according to the criteria described in section 6.3.3 and
equation 6.11. No requirement on the azimuthal distance of leptons, ∆φ (``), is applied.

This appendix shows kinematic distribution sensitive to these resonances. For searches, a mass reconstruction
technique [141] can be used to enhance the resonance signal.
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Figure E.1: Distribution of azimuthal distance of the charged leptons, ∆φ (``), in the `±ν`±νjj �nal state with
the atlas detector with nominal tracking detector extension. A Φ resonance with two di�erent mass and cou-
pling con�gurations is shown as signal.
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Figure E.2: Distribution of distance ∆R(``) between the charged leptons in the `±ν`±νjj �nal state with the
atlas detector with nominal tracking detector extension. A Φ resonance with two di�erent mass and coupling
con�gurations is shown as signal.
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Figure E.3: Distribution of HT (``, Emiss
T ) in the `±ν`±νjj �nal state with the atlas detector with nominal

tracking detector extension. A Φ resonance with two di�erent mass and coupling con�gurations is shown as
signal.
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Figure E.4: Distribution of MT (``, Emiss
T ) in the `±ν`±νjj �nal state with the atlas detector with nominal

tracking detector extension. A Φ resonance with two di�erent mass and coupling con�gurations is shown as
signal.
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Figure E.5: Distribution of M(``) in the `±ν`±νjj �nal state with the atlas detector with nominal tracking
detector extension. A Φ resonance with two di�erent mass and coupling con�gurations is shown as signal.
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Figure E.6: Distribution of the sum of the absolute values of lepton transverse momenta, Σ|~pT,`|, in the `±ν`±νjj
�nal state with the atlas detector with nominal tracking detector extension. A Φ resonance with two di�erent
mass and coupling con�gurations is shown as signal.
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Figure E.7: Distribution of the invariant mass of jets and leptons, M(``jj), in the `±ν`±νjj �nal state with the
atlas detector with nominal tracking detector extension. A Φ resonance with two di�erent mass and coupling
con�gurations is shown as signal.
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