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Abstract
Vector boson scattering (VBS) is considered a well-motivated target in the search for
physics beyond the Standard Model (BSM). Setting stringent limits on BSM physics in
the Higgs and electroweak sector requires precision measurements of VBS. This is best
done in the clean and controlled environment at high-energy electron-positron colliders.
In this work, the sensitivity of the International Linear Collider (ILC) to VBS in hadronic
final states is studied at

√
s = 1 TeV in the International Large Detector (ILD). Data

sets from full detector simulations are used for this study.
A key aspect of this analysis is the separation of the WW and ZZ final state. In the
hadronic final state, this is done primarily through reconstructed boson masses. The
mass peaks of the WW and ZZ final states are found to be well separated, but incon-
sistencies with previous studies are observed. Problems in the final state reconstruction
are identified to originate from heavy jet reconstruction as well as jet clustering.
Neutrino corrections for heavy quark jets are investigated. A promising approach based
on the average kinematics in semi-leptonic decays is identified.
The peak separation is tested for two versions of the ILD - a large and a small model -
and found to not be visibly influenced.
First steps towards a VBS analysis in an EFT framework are taken. No optimization of
the cut analysis or application of corrections to heavy jets are done in this step, but are
identified as important aspects of future analyses. Sensitive observables are extracted
in for reconstructed WW and ZZ signal regions. Significances of S/

√
B = 104 for WW

final state events and 40 for ZZ events are observed.
Assumptions made in recent theory-level studies which predict a sensitivity between 2
and 4 times better than current LHC analyses are confirmed to be roughly valid.
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Zusammenfassung
Vektorbosonstreuung ist ein Schlüsselprozess in der Suche nach Physik jenseits des Stan-
dardmodells (BSM). Um das Standardmodell im Higgs- und im elektroschwachen Sektor
auf BSM-Physik zu testen, werden Präzisionsmessungen von VBS benötigt. Ein ideale
Umgebung für solche Messungen sind die Hintergrund-armen und kontrollierten Hoch-
energiekollisionen von Elektronen mit Positronen.
In der vorgelegten Arbeit wird die Sensitivität des International Linear Collider (ILC)
auf VBS in hadronischen Endzuständen bei

√
s = 1 TeV im International Large Detec-

tor (ILD) untersucht. Hierfür werden Monte-Carlo-Datensätze aus einer umfangreichen
Detektorsimulation benutzt.
Ein Schlüsselaspekt dieser Analyse ist die Separation von WW und ZZ Endzuständen
des Streuprozesses. In deren hadronischen Zerfällen wird dies hauptsächlich mithilfe der
rekonstruierten Bosonenmassen erreicht. Die Massen-Peaks der WW und ZZ Endzustän-
den werden als gut voneinander getrennt beobachtet. Allerdings werden Inkonsistenzen
mit vorherigen Studien gefunden. Ursprünge für die Probleme in der Rekonstruktion
des Endzustandes werden in der Rekonstruktion von Jets schwerer Quarks und im Jet-
Clustering festgestellt.
Korrekturen für Neutrinos in Jets schwerer Quarks werden untersucht. Ein vielver-
sprechender Ansatz wird identifiziert, welcher auf Durchschnitts-Näherungen des kine-
matischen Spektrums semi-leptonischer Zerfälle beruht.
Die Peak-Separation wird für zwei ILD-Versionen - ein großes und ein kleines Modell -
untersucht. Hierbei wird kein sichtbarer Unterschied für die Modelle gefunden.
Anfängliche Untersuchungen für eine VBS Analyse im Rahmen einer effektiven Feldthe-
orie werden durchgeführt. Die Schnitte der Analyse werden hier nicht optimiert und es
werden keine Korrekturen für Jets schwerer Quarks angewendet. Solche Schritte wer-
den allerdings als wichtige Punkte für zukünftige Analysen identifiziert. Empfindliche
Observablen werden in den rekonstruierten WW und ZZ Regionen extrahiert. Sig-
nifikanzen von S/

√
B = 104 für WW Endzustände und 40 für ZZ Endzustände werden

beobachtet.
Annahmen von aktuellen Theorie-Level Studien, welche eine zwei- bis vierfach erhöhte
Sensitivität im Vergleich zu aktuellen LHC Analysen vorhersagen, können grob bestätigt
werden.
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1. Introduction
The quest of particle physics is to uncover the fundamental rules that govern the be-
haviour of the universe. During the last century a model was formed that is able to
accurately describe the existence and behaviour of the known elementary particles and
forces: the Standard Model (SM) of particle physics.
While it withstood precision tests of its interactions the SM is known to be incom-
plete. Observations from both particle physics and cosmology suggest the existence of
elementary particles which have eluded direct experimental observation so far. The cos-
mological observation of dark matter necessitates such new particles, as it has found
no explanation within the realm of the Standard Model. Theories that go beyond the
Standard Model can introduce new particles and interactions to explain these effects. In
order for these models to be consistent with current measurements their experimental
signatures must be outside of the reach of current searches. These searches are limited
in their energy reach, number of collisions and their ability to measure specific event sig-
natures. New physics must therefore be either at a high energy scale, weakly interacting
or hidden in currently inaccessible final states.
One possible explanation would be that the new physics occurs at energies beyond the
reach of any current collider technology. In this case, the current lower-energy collision
processes could still be affected e.g. by far off-shell effects of additional resonances. These
effects can be tested in effective field theories which describe higher-energy physics as a
perturbation at low-energy.
The biggest and most highly-energetic experiment searching for such physics in a con-
trolled lab environment is the Large Hadron Collider (LHC) at CERN. With proton-
proton collisions at a center-of-mass energy of up to 14 TeV the LHC has and continues
to enable direct and indirect1 searches for heavy particles up to masses of a few TeV.
The high energy reach lead to the discovery of the 125 GeV Higgs boson in 2012 at
the ATLAS and CMS detectors. Precision measurements of couplings in and beyond
the Standard Model are possible as well but limited by the pile-up background, energy
resolution and angular reach of the LHC experiments.
Electron-positron colliders are proposed to complement the LHCs energy reach with
precision measurements. Collisions of leptons result in a well-known initial state and
a much smaller amount of backgrounds, and allow almost full angular coverage by the
detectors. In this environment events can be reconstructed with high accuracy and
resolution in all final states. Even hadronic final states are accessible for precision tests
of the SM.

1In indirect searches the aim is not to find the resonance of additional particles. Rather one tries
to find effects of low-energy off-shell contributions to processes at reachable energies.
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1. Introduction

This can be used to continue and complement one the LHC’s measurements of a process
though to be highly sensitive to new physics in electroweak and Higgs sector: vector
boson scattering (VBS). A e+e− collider with high center-of-mass energies would be an
ideal environment to study VBS in its dominant fully-hadronic final state.
The International Linear Collider (ILC) provides such high-energy e+e− collisions with
center-of-mass energies up to 1 TeV. Its detectors are optimized for high-precision event
reconstruction using Particle Flow algorithms.
In this study, the sensitivity of the ILC to VBS is tested in the fully hadronic final state
at

√
s = 1 TeV at the International Large Detector (ILD). A special focus is put on the

reconstruction of the WW and ZZ gauge boson final state and first steps towards an
EFT analysis of possible deviations are studied.
First, the theoretical framework behind this study is introduced in chapter 2. Chapter 3
follows in describing the experimental and detector setup of the ILD. Ideas and results
shown in these two overview chapters are summaries of the previous works cited therein.
The production of the data sets used in this study is described in chapter 4. In chapter 5,
the reconstruction of the signal final state is investigated. Some time has been invested,
both for this study and within ILD, to improve the reproducibility of studies such as this
one by documenting the analysis code. Details on this aspect are given in chapter 6. The
sensitivity of the ILD to VBS and how it can be exploited to extract limits on anomalous
quartic gauge couplings are studied in chapter 7. Work presented in chapters 4- 7 has
been performed for this thesis (unless explicitly stated otherwise) and is summarized in
chapter 8.
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2. Theory of Vector Boson Scattering
This chapter introduces the theoretical foundation needed to understand and perform a
measurement of vector boson scattering.
First, the Standard Model of particle physics is introduced as a quantum field theory. Its
interactions - the electroweak and strong forces - are as consequence of gauge invariance.
One feature of the strong interaction that is of particular relevance to high-energy physics
is the confinement of quarks. As a result, elementary particles interacting via the strong
force can only be observed in combination and form jets in high-energy collisions.
If such highly-energetic jets can be measured accurately they may be used for measuring
the dominant hadronic decay mode of the W and Z gauge boson. This is of particular
relevance for the measurement of the scattering of vector bosons which has a double-
resonant final state. An introduction to vector boson scattering (VBS) and its relevance
for the Higgs sector is given.
Quantifying deviations from the SM expectation for VBS requires a framework of phys-
ically motivated extensions of the SM. Effective field theory (EFT) is described as a
possible parametrization of such deviations. This sets the stage for detector level studies
that aim to measure vector boson scattering in an EFT framework.

2.1. The Standard Model of particle physics
The experimental and theoretical search of the last century for a description of elemen-
tary particle behaviour cumulated in a quantum field theory of all known particles and
almost all known forces: the Standard Model (SM) of particle physics. It describes
particles as excitations of the corresponding fields Ψ(x) with x = (t, x, y, z). Particle
dynamics are motivated by classical mechanics. Accordingly, they are based on the
principle of least action S - using fields instead of particle kinematics. The terms of the
corresponding Lagrangian L are used to determine the properties and interactions of the
fields:

S =
∫

dxL . (2.1)

First, fermionic spin-1/2 fields can be introduced using a Dirac-term that is motivated
by the relativistic formula for a particles energy E2 = m2 + p2 (c = } = 1):

L =
∑

k

iΨ̄kγµ∂µΨk − mΨ̄kΨk ≡
∑

k

iΨ̄k /∂Ψk − mΨ̄kΨk (2.2)

where γµ are the Dirac gamma matrices, ∂µ is the four-gradient, m the particles mass,
Ψ̄ = Ψ†γ0 and k runs over all fermions species. In the right-hand side of eq. (2.2) the

3



2. Theory of Vector Boson Scattering

Table 2.1.: Particles and forces of the Standard Model of particle physics. Forces
act on all fermions in the rows which the force spans. The Higgs boson is displayed
separately due to its special role in the Standard Model.

Fermions Forces (Bosons)

Q
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s u c t
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ro

ng
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)
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tic

(γ
)
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ow

ea
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(W
,Z

)d s b

Le
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on
s e µ τ

νe νµ ντ

H

Dirac slash notation γµdµ ≡ /d is introduced. This can describe the individual stable
matter particles but is bare any interaction.
Forces and interactions occur in the SM due to redundancies in the quantum mechanical
description of particles. These redundancies correspond to symmetries in the structure
of the fields in the form of an invariance regarding the choice of the fields phase. If
this invariance is required to hold for different choices of phase at different points in x,
additional fields must be introduced in the Lagrangian. The Standard Model follows
three such local symmetries which are together described by the gauge group [1–4]:

U(1)Y ⊗ SU(2)L ⊗ SU(3)C . (2.3)

Three interactions arise from this group: the electromagnetic and weak force, which
unify to the electroweak interaction at high energies, and the strong force. To interact
with one of these forces a particle must carry the corresponding charge - giving the
particle a non-trivial transformation under the symmetry.
All particles and forces of the Standard Model are shown in table 2.1 and are discussed
in more detail in the following sections.

2.1.1. Electroweak Theory
The simplest gauge symmetry that can be introduced is U(1) with the transformation

Ψ → Ψ′ = eiϕΨ (2.4)

in which ϕ is a constant and global shift in the phase of Ψ. Fields which act according to
the Dirac equation of motion (eq. (2.2)) are invariant under this transformation. This
changes if one requires that the field by also not affected by choosing different phases at
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2. Theory of Vector Boson Scattering

Ψ

Ψ̄

A

∼ igU(1)Q

Figure 2.1.: Coupling introduced by requiring local U(1) invariance.

different point in space. A corresponding transformation

Ψ → Ψ′ = eiQϕ(x)Ψ , (2.5)

where Q is the charge of the field Ψ and ϕ is now a function of the space-time coordinates
x, introduces a new term in eq. (2.2):

L → L′ = L + Ψ̄iQ(/∂ϕ)Ψ . (2.6)

To regain a Lagrangian that is invariant under local U(1) transformation a new field has
to be introduced that transforms to cancel the additional term in eq. (2.6).

LU(1) = L + Ψ̄igU(1)Q /AΨ (2.7)

Aµ → A′
µ = Aµ − 1

gU(1)
∂µϕ (2.8)

Here, an arbitrary dimensionless constant gU(1) is introduced; the coupling strength
of U(1). Now, LU(1) is invariant under local U(1) transformation and an interaction
between the fields Ψ and A is introduced (see fig. 2.1).
The newly introduced field must have a spin of 1 to fulfill eq. (2.7). If it is to be
interpreted as a field which carries momentum, an additional invariant kinematic term
for A is required. For spin-1 fields the kinematic term is expressed using the field strength

F µν = ∂µAν − ∂νAµ + igU(1) [Aµ, Aν ] (2.9)

LU(1),Kin = −1
4F µνFµν . (2.10)

where the commutator [Aµ, Aν ] ensures the gauge-invariance and is zero in the case of
U(1). The field A acquires the kinematics known from the photon of electro-dynamics
and U(1) can be recognized as the symmetry of quantum electro-dynamics (QED).
To describe the weak interaction responsible for e.g. the decay of the neutron, the above
approach turns out to be insufficient. An additional structure is observed in weak

5



2. Theory of Vector Boson Scattering

interactions; it only acts on particles with a left-handed chirality1 (and right-handed
anti-particles) and only on certain combinations of two particles. Two such combinations
are possible. The first is a particle and its anti-particle, similar to the interactions seen
in U(1). A second combination also consists of a particle and an anti-particle, but mixes
either mixture of one up-type quark and one down-type quark or a charged lepton and
a neutrino.2
This behaviour can be mathematically expressed by introducing a doublet structure to
the particle fields. Left-handed leptons (quarks) of the same generation are written into
a doublet (

νe

e

)
, . . . ,

(
u
d

)
, . . . (2.11)

and right-handed fermions as singlets3

eR, . . . , uR, . . . , dR, . . . . (2.12)

To now reproduce that the charged weak interaction only couples to left-handed particles
its operators must have a non-trivial 2-dimensional matrix representation. Only fields in
the doublet form then couple to the operators. The simplest symmetry group with such
a 2D representation is SU(2)L

4 and contains three operators σi (the Pauli matrices). A
transformation in this group

Ψ → Ψ′ = e
∑3

j=1 i
σj
2 αj(x)Ψ (2.13)

introduces three phases αj(x). To guarantee invariance under this transformation the
new terms that the transformation introduces in the Lagrangian must be cancelled.
Similar to eq. (2.7) this introduces new fields - one for each phase that requires cancelling.
The weak interaction therefore has three fields W 1, W 2, W 3. Together with the field of
U(1)Y

5 which is notated here as B, the Lagrangian now is extended to

LU(1)⊗SU(2) = LΨ,Kin − 1
4BµνBµν + Ψ̄ig′y /BΨ − 1

4W µν
i W i

µν + Ψ̄ig
σi

2 γµW i
µΨ (2.14)

in which Bµν is the U(1)Y field strength to Bµ(see eq. (2.10)), g′
(
≡ gU(1)

)
is the coupling

of U(1)Y , y is U(1)Y charge of Ψ, g is the coupling of SU(2) and W µν
i the field strength of

the SU(2) operators σi

2 W µ
i . Due to the non-vanishing commutator of the Pauli matrices,

1Chirality of a particle is described by its eigenvalue wrt. the γ5 Dirac matrix. For massless particles
the chirality is equal to the projection of its spin onto its momentum direction.

2These pairs may be of different flavour due to the mixing of down-type quarks [5, 6] and the mixing
of neutrinos [7].

3Right-handed neutrinos are not included in the Standard Model. The would not partake in any
interaction and would only be affected by gravity.

4The L in SU(2)L denotes that the operators of SU(2) on act on left-handed particles.
5The Y in U(1)Y is called hypercharge and denotes the charge of a particle wrt. the SM U(1) group.

6



2. Theory of Vector Boson Scattering

the SU(2)L field strength contains an additional term

W µν
i = ∂µW ν

i − ∂νW µ
i − gεijkW µ

j W ν
k . (2.15)

The last term in eq. (2.15) introduces triple and quartic interactions between the gauge
bosons, the latter is discussed in more detail in sec. 2.3.
While eq. (2.14) is the correct Lagrangian of the U(1)Y ⊗ SU(2)L symmetry group its
fields do not represent the observed physical fields. The fields observed in charged and
neutral current interactions rather are linear combinations of the W i and B;

W ±
µ = 1√

2
(
W 1

µ ± iW 2
µ

)
(2.16)(

Zµ

Aµ

)
=
(

cos (θW ) − sin (θW )
sin (θW ) cos (θW )

)(
W 3

µ

Bµ

)
(2.17)

where θW is the weak mixing angle, W +, W + and Z are the boson of the weak interaction,
and A is the photon field of QED.
With these boson fields the vertices of the electroweak sector are accurately described.
However, as a consequence of introducing the SU(2)L symmetry into the theory, mass
terms for fermions such as in eq. (2.2) and similar ones for bosons are forbidden as they
violate the gauge invariance [8–11].
A mechanism is needed that both respects the U(1)Y ⊗ SU(2)L invariance but also
introduces the known masses of both fermions and bosons. In the Standard Model,
this is achieved by introducing an additional complex scalar doublet field φ with the
Lagrangian

Lφ = (Dµφ)† Dµφ − µ2φ†φ − λ
(
φ†φ

)2
(2.18)

with the new parameters µ and λ of the φ-potential, and the covariant derivative

Dµ = ∂µ + ig′y /B + ig
σi

2 γµW i
µ . (2.19)

Both the kinematic term and the potential of φ are invariant under U(1)Y ⊗ SU(2)L.
The same does not have to be true for the ground (vacuum) state of φ. If µ2 is negative,
the minimum of the φ potential is non-vanishing. Rather, it is a 4-dimensional sphere
(in the space of the 4 φ components) with the radius

|φ0| = ϑ√
2

=
√

−µ2

2λ
(2.20)

with the vacuum expectation value ϑ (VEV). The choice of this vacuum state respects
the gauge symmetries. However, once a vacuum state is assumed the expanse at that
state breaks the symmetry. This is known as spontaneous symmetry breaking.

7



2. Theory of Vector Boson Scattering

Choosing the vacuum state as φ0 =
(

0
|φ0|

)
and the expansion6

φ(x) = 1√
2

(
0

h(x) + ϑ

)
(2.21)

with the real field h(2) the Lagrangian naturally gains boson mass terms for the W ±

and Z, and allows for fermion mass terms.7
For the scalar h - the Higgs field - the Lagrangian introduces a mass, interactions with
bosons and self-interactions8

Lh = 1
2 (Dµh)† Dµh − m2

hh†h − λ

2
(
h†h

)2
(2.22)

with mh =
√

−2µ2.
The Standard Model of the electro-weak interaction therefore contains four gauge bosons
- three massive ones (W ±, Z) and one massless one (A) - one massive scalar h and the
fermions shown in tab. 2.1 as left-handed doublets and right-handed singlets. At high
energies, the Standard Model is invariant under U(1)Y ⊗ SU(2)L. In its ground state
however, this symmetry is broken to the U(1) of QED by the Higgs mechanism.

2.1.2. Quantum Chromodynamics
An additional structure must be introduced to the Standard Model to describe the strong
force [4, 13, 14]. Electroweak decay of gauge bosons to quarks - the particles interacting
via the strong force - have been observed to show a three times higher branching ratio
than what would be expected from its electroweak quantum numbers. This can be
explained by an additional quantum number; the colour charge of the quark.
Quarks can appear in three different colour states, which explains the higher branching
ratios. Further, the colour states are not physically observable. Only quark combinations
can be observed whose colour constituents add up to neutral - either by a colour quark
and its anti-colour anti-quark or a tri-quark combinations with all three colours. This
is known as colour confinement.
To describe this new feature of quarks in the Standard Model again an new structure is
imposed. Each quark is a triplet in colour-space. The corresponding simplest symmetry
group with a non-trivial 3 × 3 representation is SU(3)C

9. It consists of 8 operators λa

6The expansion should also include phase rotations in SU(2) which is set to 1 here. If a specific local
phase is chosen the corresponding field vanish, rendering them unphysical. Their degrees of freedom
are absorbed into the longitudinal components of the weak boson fields.

7How exactly the boson and fermion mass terms look is not relevant for this work. Details can be
found e.g. in [12].

8The Higgs also interacts with fermions. See e.g. [12].
9The C in SU(3)C denotes the connection to the colour space.
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2. Theory of Vector Boson Scattering

which transform the fermion fields with 8 independent phases θa(x)

Ψ → Ψ′ = e
∑8

a=1 i λa
2 θa(x)Ψ . (2.23)

To cancel the terms which appear in the Lagrangian during this transformation, an
additional 8 fields Gµ

a are required. These fields are called gluon fields.
Like for the fields of SU(2), the gluon field strength tensor contains the non-vanishing
commutator of the fields

Gµν
a = ∂µGν

a − ∂νGµ
a − gSfabcG

µ
b Gν

c , (2.24)

where gS is the coupling constant and fabc the structure constant of SU(3)C . The
Lagrangian of SU(3)C therefore again includes self-interactions between the boson fields,
as well as interactions between gluons and fermions.

LSU(3) = LΨ,Kin − gSGµ
a

∑
q

Ψ̄qγµ
λa

2 Ψq − 1
4Gµν

a Ga
µν (2.25)

No gluon mass term is included in the Standard model.
Two effects occur in Quantum Chromodynamics - the theory of the strong interaction
- which are likely linked to its Lagrangian10. Both effects are related to the potential
between a quark-antiquark pair (or a quark in a baryon)

Vqq̄ = −4
3 · αS

r
+ k · r (2.26)

with the strong coupling constant αS, the constant k and the distance between quark
and antiquark r.
The first is the confinement of quarks. If the quarks are separate by enough distance
the ∼ r term of the potential leads to enough energy in the system to create additional
qq̄ pairs. These separate the original pair into two new colour neutral pairs. Any single
quark can therefore not be separate from all other quarks by an arbitrary distance. This
means that quarks cannot be observed as single particles.
For the second effect the energy dependence of the strong coupling constant αS needs
to be taken into account. At low energies αS is in the order of 1, leading to a strong
coupling of the quarks (and the name of the interaction). With increasing energy the
coupling αS decreases. While confinement is still valid for high-energy pairs, the quarks
are able to separate much further before they “see” a strong force. This is known as
asymptotic freedom. Highly energetic quarks at short distances in and from a hadron
can be treated in perturbation theory.

10So far no analytic proof has been found that shows how the QCD quark potential results from its
Lagrangian (eq. (2.25)). Finding the solution to this is one of the Millennium Problems [15].
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2. Theory of Vector Boson Scattering

Figure 2.2.: Diagram of the steps of jet formation in the s-channel production of a
qq̄ pair. Picture created by D. Zeppenfeld [17].

2.2. Jet formation in hadronic final states
W and Z bosons have been measured to decay to quark-antiquark pairs approximately
in 70% of all decays [16].11 Measuring final states which contain quarks is therefore
important for all analyses containing vector bosons (and many others).
This is complicated by the central feature of QCD that forbids individual quarks from
being observed as such - known as confinement (see 2.1.2). Quarks which are produced
in the hard scattering process do not hit the detector as individual particles. Fig. 2.2
illustrates the steps which the qq̄ pair undergoes after the hard scatter.
When the pair is separated by enough distance, their potential energy (see eq. (2.26))
increases enough that a quark may radiate a gluon. The gluon subsequently decays
to an additional qq̄ pair whose partons pair up with the original qq̄ pair to create two
colour-neutral pairs with lower potential energy. This process is described in three steps.
First and theoretically most straightforward to describe are gluon radiations which carry
high momenta. In this case, the QCD coupling constant becomes small and the process
can be described in perturbation theory.12 This perturbative step which creates highly
energetic partons is called parton shower.
When soft gluons are radiated and corresponding low-momentum quarks are produced,
QCD can no longer be described perturbatively due to the large coupling value. At this
stage, phenomenological models, based on experimental observations, have to be used
to estimate the production of further partons. This step is called fragmentation.
After these steps, a set of final partons is left which must be clustered to hadrons.
Colour-connections between the partons are not always known due to the phenomeno-
logical nature of the fragmentation step. Therefore, this step, called hadronization,

11The branching ratios are measured as BR (W → hadrons) = 67.41% and BR (W → hadrons) =
69.91% to be precise.

12QCD perturbation theory remains no trivial task, but the way to calculate it is theoretically
well-defined.
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2. Theory of Vector Boson Scattering

again requires models based on experiments and theoretical approximations. During
hadronization, some semi-stable hadrons can be formed which - depending on the ex-
perimental setup - may decay at a visible distance from the interaction point (or even
in the detector).
Those decays are treated separately and are based on the known lifetimes and decay
modes of the hadrons. In addition to the above described parton production, high-mass
quarks such as b and t can decay to lower-mass quarks by radiating a W . The decay
of the W can then lead either to further qq̄′ pairs or to lν pairs. During any of these
steps, photons may produced by QED final state radiation (FSR) from highly-energetic
charged particles.
To summarize, the detector will not see the partons from the original pair of quarks but
rather a shower of particles (hadrons, leptons, photons) which together mirror the kine-
matics of the original pair.13 Due to the tendency of the additionally created particles to
be created collinear, the final showers can be clustered together to represent the original
quark (or gluon) topology. The collection of particles attributed to one initial parton is
known as a jet.
Such jets were first theoretically described in 1969 [18] and first observed in 1975 in e+e−

collisions at the SPEAR storage ring at SLAC [19]. For a historical and comprehensive
overview of the steps of jet formation see [20].
In experiments the jet clustering step adds a uncertainty to the event reconstruction.
Depending on the experimental setup and the final state after the hard scattering process,
the number of jets may not be easy to discern and the assignment of a particle to a
jet may not be non-trivial (e.g. not solvable by eye). To allow a jet reconstruction
despite these challenges, dedicated jet clustering algorithms have been developed. Some
overviews of different clustering methods can be found in [20–22].
The general idea behind all clustering algorithms is to sort particles by a distance pa-
rameter and iteratively combine the “closest” particles. Clustering algorithms can be
classified by their distance parameter definition, choice of when to stop the iteration,
and criteria to discard particles. Two algorithms - the kT algorithm and Durham jet
clustering - are shortly described here.

2.2.1. The kT clustering algorithm
In the kT clustering algorithm [23, 24] two parameters are used to determine when
particles should be clustered. The kT distance

dij = min
(
p2

T,i, p2
T,j

)
·

∆R2
ij

R2 (2.27)

is calculated between each set of two particles i and j, where pT is the particles transverse
momentum, ∆R =

√
(yi − yj)2 + (ϕi − ϕj)2 with the pseudorapidity y and the azimuthal

13The steps described above tell of a somewhat clear multi-step process. In reality, these steps may
occur in parallel, multiple times and in different orders. That makes it harder to model, describe and
imagine and shall be conveniently ignored here.
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2. Theory of Vector Boson Scattering

angle ϕ, and the jet-radius parameter R. Additionally, a distance to the beam is defined
for each particle i as

diB = p2
T,i . (2.28)

An iteration step in the kT algorithm calculates these two parameters for each pair of
particles or each particle, respectively. Then out of both sets the minimal value is found.
If this minimal value is an dij, the two particles are combined to one new particle, which
will enter the next step and replace particles i and j. When a particles diB is the smallest
value, the particle is considered a final jet and removed from the iteration. Two versions
of this algorithm exist.
In the inclusive version [24] the steps described above are repeated until no particle is
left to cluster (i.e. all diB are smaller than all dij). All jets are kept and regarded as
proper jets.
The exclusive kT algorithm [23] defines an additional stopping parameter dcut. Clustering
is stopped when all dij and all diB are below this value. If the minimal value at any
iteration step is a diB the corresponding particle (or jet) will be discarded. Such particles
are assumed to belong to beam-induced backgrounds rather than jets from the hard
scattering process.

2.2.2. Durham jet clustering
A modified version of the kT algorithm has been developed for e+e− colliders; the
Durham algorithm14 [25]. Its distance parameter between two particle i and j is de-
fined as

dij = 2 min
(
E2

i , E2
j

)
· (1 − cos θij) (2.29)

where θij is the angle between the two particle momenta. In contrast to the kT algorithm,
jets are not removed from the iteration at any point. All particles are clustered iteratively
until the stopping criterium is hit. This criterium may be either a certain number of
jets that all particles should be clustered to, or a distance dcut at which particles are no
longer to be clustered. Some analyses use a normalised distance parameter yij = dij/Evis,
where Evis is the visible energy.

2.3. Vector Boson Scattering
In 2.1.1 the Higgs boson was introduced into the electroweak sector to describe boson
and fermion masses. Another case for its existence (or the existence of an alternative)
lies in the process investigated in this thesis: vector boson scattering (VBS).
As seen in equations (2.14) and (2.15), the SM electroweak theory contains contact inter-
actions between three or four vector bosons (V ). The couplings of such interactions are
called triple and quartic gauge couplings, respectively. For the case of quartic interac-
tions, V V → V V processes are collectively called vector boson scattering. In this section
the argument of the importance of the Higgs boson for such processes will be laid out on

14Durham jet clustering is also referred to as e+e− kT clustering.

12



2. Theory of Vector Boson Scattering

W +
L

W −
L

W +
L

W −
L

(a) Quartic cou-
pling.

W +
L

W −
L

W +
L

W −
L

γ/Z

(b) s-channel γ/Z

W +
L

W −
L

W +
L

W −
L

γ/Z

(c) t-channel γ/Z

W +
L

W −
L

W +
L

W −
L

H

(d) s-channel H

W +
L

W −
L

W +
L

W −
L

H

(e) t-channel H

Figure 2.3.: Vector boson scattering feynman diagrams for W +
L W −

L → W +
L W −

L .

the example of W +
L W −

L → W +
L W −

L , where L denotes the longitudinal polarization of the
W . Similar arguments can then be made for other V V → V V scattering processes with
at least two longitudinal vector boson in initial or final state. For a detailed calculation
of the scattering amplitudes see [26–28].
To calculate the cross-section of the W +

L W −
L → W +

L W −
L process, all Feynman diagrams

which could result in this scattering are needed. Here, only tree-level diagrams (lowest
order in g) are considered. The relevant diagrams with and without the Higgs boson are
shown in fig. 2.3.
If only the diagrams without the Higgs boson (Fig. 2.3a-2.3c) are considered the cross
section diverges with the center-of-mass energy

√
s

σno Higgs ∼ 1
s

|T |2 ∼ s2

s
∼ s

s→∞−−−→ ∞ . (2.30)

This would lead to a violation of unitarity at
√

s ∼ 1.2 TeV which would mean a break-
down of the theory.
Taking into account the Feynman diagrams with the Higgs boson in s- and t-channel
cancels this divergence.

σwith Higgs ∼ s − s2

s − m2
H

. (2.31)

While this sets an upper bound on the Higgs mass in the order of 1 TeV, the mH =
126 GeV Higgs boson found at the LHC [29, 30] is well within the range that restores
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Figure 2.4.: Feynman diagrams of four-fermion interaction in (a) Fermi theory (EFT
of SM) and in (b) SM.

unitarity.
Due to the importance of the Higgs boson for the cross-section of this process, VBS
remains a valuable tool in the search for physics beyond the SM [31]. Some models for
example, known as two-Higgs-doublet models, predict the existence of additional scalars
at low or high masses which could lead to enhancements in VBS amplitudes [32].
To test such models a precise measurement of the VBS cross-sections and couplings is
necessary.

2.4. The Standard Model as an Effective Field Theory
The Standard Model is the most accurate description of particle behaviour and interac-
tions currently known. Despite this, some established observations such as dark matter
and neutrino masses are not part of the SM [16]. Additional terms, possibly including
new interactions or particles, are needed to explain these phenomena.
High-energy particle physics tries to search for physics beyond the SM by measuring
(differential) cross-sections of processes in the controlled environment of a particle col-
lider. Such searches require a method to parametrize deviations from the expected SM
values - be it to observe or exclude them.
The method used in this thesis is based on the assumption that deviations seen in the
experiment are low-energy effects of new physics at a scale outside the colliders energy
reach.15 This is known as the Effective Field Theory (EFT) approach[33–35].
A famous example of such a theory is the Fermi theory of fermion interactions. It de-
scribes the interaction of four fermions at low-energy. As shown in fig. 2.4, Fermi theory
approximates the W exchange proportional to 1/(p2

W − m2
W ) as a contact interaction

proportional to −1/m2
W . This approximation is valid as long as

√
s � mW .

More generically in the EFT approach, new effects are described by additional terms in
the Lagrangian which respect the symmetries of the known theory. The known theory

15Alternative approaches may use simplified resonance models to set general bounds on possible
resonances, or even search directly for effects caused by specific models.
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2. Theory of Vector Boson Scattering

is assumed to be a low-energy approximation of the underlying theory. Applying per-
turbation theory to this idea, the underlying theory is described as a perturbation series
in 1/Λ, where Λ is the scale of the new physics.16 From the perspective of the known
theory, this principle can be used by adding higher order operators together with the
necessary dimension normalisation of 1/Λn. These operators are then interpreted as the
next order in the perturbation series for the underlying theory. If the known theory lives
in d-dimensional space-time the EFT Lagrangian can be written as

LEFT = Lknown +
∑

i

ci

ΛDi−d
i

Oi (2.32)

where the ci are the dimensionless coupling constants of operators Oi (known as Wilson
coefficients) and Di is the mass dimension of Oi. The operators Oi are the possible
combinations of fields allowed by the symmetry of the known theory. In practice, an
order of Di is chosen at which the expansion is stopped.
To apply the EFT approach to the SM, first the maximal dimension of the operator
has to be chosen. Then all operators allowed by U(1)Y ⊗ SU(2)L ⊗ SU(3)C up to that
dimension must be added to the Lagrangian as in eq. (2.32). If lepton and baryon
number conservation is assumed, only operators with even Di are allowed [36]. A full
EFT analysis would require using all operators up to the given dimension in a fit to a
large number of cross-sections and distributions.
Here, only operators which influence the process of vector boson scattering are consid-
ered. By choosing a specific set of operators, this specific approach can only accurately
describe effects which are limited to these operators (or operators which do not affect
the analysis). Operators relevant for VBS and not included in the SM exist already
at Di = 4. However, no operator of mass dimension 4 or 6 exists which is restricted
to VBS. For the purpose of this study, it is assumed that operators which affect other
processes can be restricted through other measurements at future e+e− colliders [37,
38]. Therefore, the operators considered here are of mass dimension 8 and only affect
VBS. Only CP-conserving operators are considered. A complete description of all such
operators can be found in [39]. As in [39], this study is restricted to operators affecting
only the Higgs/Goldstone-sector (not in any way affecting interactions with transversally
polarized vector bosons). Two such operators exist

LS,0 = FS,0Tr
[
(DµH)† DνH

]
Tr
[
(DµH)† DνH

]
, (2.33)

LS,1 = FS,1Tr
[
(DµH)† DµH

]
Tr
[
(DνH)† DνH

]
, (2.34)

where FS,i = ci/Λ4 and H is the Higgs multiplet17. By comparing a data set with the
predictions for non-vanishing FS,i coefficients, deviations from the SM expectations can
be parametrized. The resulting FS,i fits or limits can then be compared with theory

16Such a scale could be determined e.g. by new resonances or a unification energy.
17The operators and notation in eq. (2.33) are based on the additional assumption that the SM is

approximately SU(2)L ⊗ SU(2)R. Due to this shift in notation the Higgs becomes a 2 × 2 doublet and
the number of operators is reduced from 3 to 2. For details see [39].
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2. Theory of Vector Boson Scattering

predictions for specific models.
While dimension-8 operators provide a possibility to describe deviations exclusive to
VBS, they can reintroduce violation of unitarity if the FS,i are large. Two approaches
can be chosen to mitigate this problem.
One possibility is to restrict the usage to the parameter space in which unitarity is not
violated [40]. This method is only feasible if the experiment is sufficiently sensitive to
set limits within this parameter space.
Another option is to introduce an artificial unitarization to the scattering matrix. One
example is the T-matrix unitarization described in [39, 41]. It unitarizes the T -matrix
of the scattering matrix S = 1 + iT by applying

T (T0) = 1
Re

(
T −1

0

)
− i

21
(2.35)

where T0 is the non-unitarized T -matrix. This approach is implemented in the WHIZARD [42,
43] event generator and will be used in this thesis. While this artificial unitarization
solves the issue of the diverging VBS contribution for all FS,i, it is inherently unphys-
ical. The limits on the anomalous couplings extracted with this method can not be
interpreted in the context of perturbation theory. Rather, this approach is intended as
a general tool to parametrize deviations from the SM expectations.

2.4.1. Generator level studies for lepton colliders
The sensitivity of e+e− colliders to VBS has been studied on generator level with the
dimension-8 EFT and T -matrix unitarization framework in [39].
In that study, vector bosons were created on-shell and only their fully hadronic decays
are considered. The signal process was chosen as V V νν (V = W/Z). Backgrounds
other than 6-fermion were considered negligible and a perfect electron veto down to
15mrad was assumed. Further the vector boson misidentification rate (W identified as
Z or vice versa) is estimated as 12% for both W and Z. These assumptions remain
to be validated in a full detector level study. After a set of preselections, the main
background for

√
s = 1.4 TeV was found to be WZeν. The sensitivity to the anomalous

coupling FS,i (see eq. (2.33)) was found to increase with the center-of-mass energy. For
a 1 TeV collider, an e+e− collider limits in the order of 250 TeV−1 in FS,0 direction and
50 TeV−1 in FS,1 were estimated. This solely used total WW and ZZ cross-sections
in their fiducial phase space as input to the FS,i fits. Stronger limits are expected if
differential cross-section distributions are taken into account as well.
Current ATLAS analyses show limits in the order of 300 − 600 GeV for both parameters
[44, 45].18 The predicted limits from [39] are a factor ∼ 2 − 4 more stringent.19

18Some ATLAS analyses use an alternative α4,α5 parametrization of the dimension-8 couplings. The
conversion can be found in section 1.3.1.4 of [46].

19The numbers gives for both ILC and ATLAS analyses are rough estimations. Fits are usually done
in the 2D parameter space and a full comparison would compare limit shapes along with values.
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3. The International Large Detector
Experimental particle physics attempts to reach the limits of the established theories
of elementary particle interactions and to find signatures of new physics. In lepton
colliders this goal is persued with measurements unique in their precision and variety
of final states. Here, the International Large Detector (ILD, fig. 3.1) is introduced as
one of the detectors at the International Linear Collider (ILC) [47]. Using Particle Flow
event reconstruction and highly granular detector components, ILD can make precise
measurements of the highly energetic e+e− collisions.

3.1. The International Linear Collider
The International Linear Collider (ILC) is a proposed e+e− collider design for precision
studies of the electroweak and Higgs sector.1 It can reach center-of-mass energies ranging
from the Z pole up to 1 TeV. Both beams of the ILC are partially polarized2 and the
sign of the polarization can be adjusted for each beam. Here, a short overview of the
experimental setup is given. Detailed descriptions of the aspects of the ILC project are
given in the ILC Technical Design Report TDR [47–51]. A schematic of the ILC layout
is shown in fig. 3.2a.
Two detectors are proposed for the ILC; the International Large Detector (ILD) and the
Silicon Detector (SiD). Since only one detector can be placed around the interaction
point at any given time, a push-pull system is put in place to exchange the detectors.
The baseline machine is planned to run at the following energies motivated by different
precision measurements [52, 53]:3

• 250 GeV for precision measurements of the Higgs sector (“Higgs factory”), triple
gauge couplings and 2-fermion final states,

• 350 GeV for a threshold scan of the top quark,

• 500 GeV to access Higgs self-coupling, the Htt̄ coupling and coupling of t to the
electroweak bosons,

and would be upgradable to:

1As of the time of this writing, the Japanese government has expressed strong interest in hosting
the ILC, but not taken a clear stance on if they will build it. Hope lives, but the studies performed in
this thesis are not dependent on where or when the ILC would be build.

2In polarized beams the beam particles have a non-uniform helicity distribution.
3Only a personal selection of processes is given that may be investigated at each energy.
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3. The International Large Detector

Figure 3.1.: Event display of a tt̄h → lν6q event in the final state in the large ILD
model. Orange letters enumerate different detector components:
(A) Vertex detector,
(B) Forward tracker,
(C) Main tracker (TPC),
(D) ECAL,

(E) HCAL,
(F) Solenoid,
(G) Return yoke / tail catcher.

• Higher luminosity at 500 GeV to increase the precision of the Higgs self-
coupling and Htt̄ coupling measurements, which are needed for other measure-
ments at energies ≥ 500 GeV,

• 1000 GeV for measurements of the quartic gauge coupling and further precision
in the Higgs sector.

The detectors are designed to handle this complete energy range of the ILC. Detector
level studies to support the ILC physics case have been performed for many final states
[49].
A summary of relevant beam parameters at the different energies is shown in tab. 3.1.
How these can be used in a realistic running scenario is discussed in [54].
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(a)

(b)

(c)

Figure 3.2.: Schematic of the International Linear Collider (a) and 3D models of
its two detectors: (b) ILD and (c) SiD [48].

Table 3.1.: ILC machine parameter summary for baseline and upgrades. For a
detailed version see the ILC TDR [48].

Baseline Upgrades
250 GeV 350 GeV 500 GeV Lumi. 1 TeV

collision energy
√

s GeV 250 350 500 500 1000
luminosity L 10−34 cm2

s 0.75 1.0 1.8 3.6 3.6-4.9
e− polarisation P− % 80 80 80 80 80
e+ polarization P+ % 30 30 30 30 20
collision rate frep Hz 5 5 5 5 4
bunches / collision nb 1312 1312 1312 2625 2450

3.2. Particle Flow event reconstruction
Particle physics detectors are built using a variety of sub-detectors with different pur-
poses. This includes vertex detectors to reconstruct the origin of particles, tracking
detectors to measure their momenta and direction, detectors for particle identification,
and calorimeters for to measure a particle’s energy. Precise event reconstruction requires
the combination of the information gathered by the individual sub-detectors. For this
purpose Particle Flow Algorithms (PFAs) were developed [55].
The idea of PFAs is to find all traces that a particle left in all the sub-detectors, com-
bine them to one particle object, and then determine the particles properties using the
detector component with the best resolution for each property.
One important feature of Particle Flow arises from combining tracker and calorimeter
information of a particle. A limiting factor of many analyses is the jet energy res-
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Figure 1.5: (a) Simple calorimetry: The calorimeters (ECAL + HCAL) measure the total energy
deposited by all particles in a jet (charged particles p±, photons γ, and neutral hadrons h0). The
track information is not used. (b) Particle Flow approach: The tracking system measures the
energy of all charged particles (via the particle momentum) and the associated energy depositions
are removed from the calorimeters. Photon energies are measured with the ECAL and neutral
hadron energies are measured with the HCAL (and the ECAL, if the cascade starts already in
the ECAL).

for single hadrons due to transition regions between individual detector components, differ-
ent sampling fractions of different subdetectors, and not instrumented regions. The Particle
Flow approach is a promising strategy to improve the jet energy resolution to σjet ≤ 30%√

E

for an integrated detector system with tracker, electromagnetic calorimeter, and hadron
calorimeter by employing sophisticated pattern recognition algorithms [24, 25, 26].

On average, charged particles account for fp± ≈ 60% of the energy of a jet. Photons
contribute with fγ ≈ 30% to the jet energy, and neutral hadrons constitute the remaining
fh0 ≈ 10%. Particle Flow algorithms reconstruct each individual particle in a jet and
use the energy measurements from the detector component with the best resolution for
the respective particle type. In order to put this into practice, the calorimeters need to
be capable of clearly separating individual showers, i.e. each energy deposition has to be
associated with the correct particle. Figure 1.5 illustrates the Particle Flow approach and
shows a typical detector setup with a tracking system, an electromagnetic calorimeter, and
a hadron calorimeter and the signatures of a charged hadron, a photon, and a neutral
hadron. Without applying Particle Flow, the energy of these three particles (Fig. 1.5(a))
is measured by summing up all energy deposited in the calorimeters, thereby ignoring
the tracker information. In Particle Flow calorimetry (Fig. 1.5(b)), the energy depositions
from charged particles are removed from the calorimeter measurements and the momentum
measurements from the tracker are used for these particles instead. Photons are measured
with the electromagnetic calorimeter and neutral hadrons with the hadron calorimeter and
partially with the electromagnetic calorimeter, if the cascade starts already in this detector.

The energy resolutions σtrack of the tracker, σem of the electromagnetic calorimeter, and
σhad of the hadron calorimeter contribute to the jet energy resolution with the weight of the
particle type the respective detector measures. Wrong assignments of cascades, or parts
of cascades, to charged or neutral particles contribute with a confusion term σconf to the
resolution and constitute the resolution limiting factor in Particle Flow calorimetry. Other
effects degrading the resolution are energy losses from particles that are not reconstructed
(σloss) and effects of detector thresholds (σthr). Summing up all these contributions, the

Figure 3.3.: Schematic of Particle Flow calorimetry [57]. The proton p± leaves
a track in the tracking system and clusters in ECAL and HCAL, all of which are
combined to reconstruct the proton. For neutral particles such as photons γ and
neutral hadrons h0 only calorimeter information is available for the reconstruction.

olution. For particles measured in both tracker and calorimeter the relative energy
resolution (σE/E) is in most cases one or two orders of magnitude worse than the rel-
ative momentum resolution (σp/p). When building a from a combination of tracking
and calorimetry, determining the kinematics from the trackers momentum measurement
alone could increase the resolution significantly. In PFAs this is done by first using
particle identification to develop a particle mass hypothesis4 m and then using the mo-
mentum measurement to determine the energy E =

√
m2 + p2. This energy hypothesis

is then tested against the clustered measured in the calorimeter. Using both calorimeter
information and the track energy hypothesis, a cluster of calorimeter hits is assigned to
the particle.
After performing this matching of tracking and calorimeter information, hit clusters are
left in the calorimeter which were not assigned to any particle with a track. These clusters
are interpreted as neutral particles. Only the energy measurement of the calorimeter
is available for these particles. A schematic of how a PFA would ideally reconstruct
different particle types is shown in fig. 3.3.
In order for the above described particle reconstruction approach to work, the detector
must fulfil a set of criteria. Essential to Particle Flow is that the hit clusters that the
individual particles leave in the calorimeters can be separated from another. This sets a
requirement on the spatial resolution of the calorimeters and the absorber which dictates
the width the cluster. If a cluster of a neutral particle is close to one of a charged particle
and the calorimeter does not resolve them as separate cluster the neutral particle cluster
may be completely absorbed into the charged particle. Particle Flow further requires
a low material budget before the calorimeter. Material crossed by the particle before
hitting the calorimeters may lead to an energy loss along the track which complicates
the track reconstruction and the matching of track and hit cluster. Another condition
for the usage of PFAs is a tracker which can accurately reconstruct tracks in the whole
angular range. Since Particle Flow draws its benefits from the superior precision of the

4The PFA currently used in ILD uses a primitive particle identification at this stage (based solely
on where the particle left tracks/hits) and applies more sophisticated particle identification later on
[56].
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4.3 Particle Flow and Jet Energy

balance. This causes a double counting of the energy. The effect of cluster splitting
is illustrated in fig. 4.4(a).

• Cluster Merging: Cluster merging refers to the case if the cluster of a neutral
particle is so close to a charged particle cluster that it cannot be resolved. In the
reconstruction then both clusters are merged and since the energy from the charged
particle is determined by the track information, the energy of the neutral cluster
is missed. This causes loss of energy. The effect of cluster merging is illustrated in
fig. 4.4(b).

tracker ECAL HCAL

p±

(a)

tracker ECAL HCAL

p±

h0

(b)

Figure 4.4 – Illustration of the PFA confusion. a) cluster splitting, if a fraction of a charged
particle cluster is reconstructed as a neutral particle cluster (red marked clus-
ter). This results in a double counting of the energy. b) cluster merging, if a
neutral particle cluster (red marked cluster) is too close to a charged particle
cluster and both clusters are merged together. This leads to a loss of energy
in the reconstruction.

Since the PFA considers additional information from the sub-detectors for the reconstruc-
tion, the energy resolution of the tracker system, the electromagnetic calorimeter and the
hadron calorimeter contribute to the total jet energy resolution according to the fractions
of particles, measured in each sub-detector. But also wrong assignments from the confu-
sion have to be considered. To improve the performance of a particle flow detector the
confusion term σconf has to be minimized with a high segmentation of the calorimeter
cells, as proposed for ILD. Additional other effects like the energy loss through leakage
(σloss) or the effects of a detector threshold σthr have to be minimized [107]. Therefore,
the overall jet energy resolution can then be decomposed as:
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balance. This causes a double counting of the energy. The effect of cluster splitting
is illustrated in fig. 4.4(a).

• Cluster Merging: Cluster merging refers to the case if the cluster of a neutral
particle is so close to a charged particle cluster that it cannot be resolved. In the
reconstruction then both clusters are merged and since the energy from the charged
particle is determined by the track information, the energy of the neutral cluster
is missed. This causes loss of energy. The effect of cluster merging is illustrated in
fig. 4.4(b).
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Figure 4.4 – Illustration of the PFA confusion. a) cluster splitting, if a fraction of a charged
particle cluster is reconstructed as a neutral particle cluster (red marked clus-
ter). This results in a double counting of the energy. b) cluster merging, if a
neutral particle cluster (red marked cluster) is too close to a charged particle
cluster and both clusters are merged together. This leads to a loss of energy
in the reconstruction.

Since the PFA considers additional information from the sub-detectors for the reconstruc-
tion, the energy resolution of the tracker system, the electromagnetic calorimeter and the
hadron calorimeter contribute to the total jet energy resolution according to the fractions
of particles, measured in each sub-detector. But also wrong assignments from the confu-
sion have to be considered. To improve the performance of a particle flow detector the
confusion term σconf has to be minimized with a high segmentation of the calorimeter
cells, as proposed for ILD. Additional other effects like the energy loss through leakage
(σloss) or the effects of a detector threshold σthr have to be minimized [107]. Therefore,
the overall jet energy resolution can then be decomposed as:
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Figure 3.4.: Schematics of the two confusion effects which may occur in the cluster
pattern recognition of a PFA [58].
(a) Part of a hit cluster caused by a charged particle is assigned to a neutral particle,
leading to double-counting of energy.
(b) The hit cluster of a neutral particle is (partially) assigned to a charged particle,
leading to an underestimation of the neutral particles energy.

tracking detectors, failure to reconstruct tracks must be minimized.
In addition to hardware limitations, the performance of PFAs is constraint by pattern
recognition of the clusters in the calorimeter. Two confusion effects can occur when
assigned calorimeter hits to particles [56]:

• Double-counting: (Fig. 3.4a) Due to the stochastic nature of calorimeter show-
ers, parts of the cluster of a charged particle may sometimes by interpreted as a
neutral particle or clustered into a nearby neutral particle. When this occurs, the
charged particles energy is not reduced since it is determined from its track. The
energy falsely assigned to a neutral particle is then artificially added to the total
event energy.

• Energy loss: (Fig. 3.4b) If the hit clusters of a charged and a neutral particle
overlap some of the neutral hadrons energy may be assigned to the charged particle
cluster. Because the charged particle’s energy is determined from the track, the
energy deposit from these mis-clustered hits is lost from the total event energy.
This effect may also result in a neutral particle not being measured if the hit
cluster overlaps strongly with the charged particle.

Both of these effects are more likely to occur in high-multiplicity environments when
many particle clusters are close to each over or even overlap.

3.3. Detector design
The ILD design is driven by the requirements of PFA event reconstruction and precision
physics analyses [47]. From this perspective the major requirements are precise tracking
and spatially resolved calorimetry for Particle Flow, and a hermetic detector to allow
analyses at (almost) all angles.
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The innermost component is the multilayer pixel vertex detector. Resolving not only
the primary but also secondary vertices is an important aspect for heavy quark tagging
and searches for long-lived BSM particles.
In the barrel region, tracking is provided in form of a low-pressure Time-Projection
Chamber (TPC) which is surrounded by additional silicon tracking layers. The TPC can
measure up to 224 space-points for a single track and support the particle identification
with dE/dx energy deposition measurements along the track. At angles below 11◦ and
down to 7◦ the silicon FTD (Forward Tracking Detector) allows very-forward tracking.
Highly granular sampling calorimeters are used for ECAL and HCAL to enable spatially
resolved cluster measurements. The ECAL is situated between tracking and HCAL and
has been proposed as silicon-scintillator combination with 5 × 5 mm2 pixel size. For the
HCAL steel absorber layers are to complemented by active layers of either scintillator
tiles or gaseous devices with a pixel size between 1 × 1 mm2 and 3 × 3 mm2. In the
very-forward region the FCAL consist of three components: BeamCal, LumiCal and
LHCAL. They serve the additional purpose of measuring beam quality and luminosity.
Tracking, ECAL and HCAL are placed in a 3.5 T solenoid. By using a low-density
tracker and a placing the calorimeters inside the magnet, the energy deposit outside
the calorimeters are reduced. This improves the energy resolution of the calorime-
ter measurement and helps the PFA by avoiding particle showers starting before the
calorimeters.
An iron return yoke surrounds the solenoid and is acts as muon detector and tail catcher
for the calorimeters. For this purpose, the return yoke is equipped with 25 active layers
in the barrel region and 11 active layers in forward direction.
The ILD is planned to be run without a hardware trigger to use the full luminosity,
avoid model dependence in searches and allow analysis of any possible final state.

3.3.1. Further optimization
Further studies to optimize the ILD design are ongoing. The main aspects of these
studies focus on optimizing the reconstruction performance and reducing the cost.
One possible approach to reduce the price of the detector is to decrease its size. This
requires the reduction of the radial width of one or multiple detector components. For
calorimeters the minimal width is fixed by the shower length and can not be decreased. A
similar limitation exists for the tracker. Its minimal width is set by the radius that highly
fly through the tracker in order to observe its curvature and measure its momentum.
However, this minimal width can be reduced by increasing the magnetic field strength.
Reducing the TPC and increasing the magnetic field is a possible target for the reduction
of the overall ILD cost [59].5 For this purpose two competing detector models were
developed (fig. 3.5). The large model (fig. 3.5a) follows the design specifications of the
ILC TDR and has a TPC outer radius of 1.8 m. A second small model (fig. 3.5b) has a
reduced outer TPC radius of 1.46 m and an increased magnetic field strength of 4 T. All

5The cost reduction is however mainly driven by the decrease in calorimeter and yoke material.
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(a) (b)

Figure 3.5.: Cross sections of the (a) large and the (b) small detector models of ILD
[60]. The main geometrical difference is the reduction in the TPC outer radius and
the according downsizing of the outer detector components.

components surrounding the TPC are keep their widths in this model, but their material
budget decreases due to the smaller TPC.
Additional studies are researching different active layer materials and readout methods
for the HCAL.
To increase the particle identification performance, the potential and hardware require-
ments of dE/dx energy deposition measurements in the TPC and time-of-flight mea-
surements in the calorimeters are currently being investigated [59]. Their benefits are
not yet included in the analysis presented in this thesis.

3.3.2. Design validation
A number of studies on Monte-Carlo generated events and with sub-detector prototypes
have been performed to validate the ILD design.
Monte-Carlo events generated with WHIZARD [42, 43] have been run through a full detec-
tor simulation in Geant4 [61–63] to ensure that the detector can be used with Particle
Flow. Fig. 3.6 shows a part of a 250 GeV jet tracing through the TPC and hitting
the calorimeters in such a simulation. A separation of the tracks and clusters of the
individual particles is observed. This is needed when employing Particle Flow for event
reconstruction (see 3.2).
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Figure 3.6.: A 250 GeV jet passing through the ILD tracker and calorimeter[56]. The
hits in the tracker and calorimeter are coloured according which particle created them.
This information is extracted from generator level information in the simulation.

For the ILD event reconstruction the PandoraPFA [56] algorithm6 was developed which
has been studied in full ILD simulations. The jet energy resolution achieved in ILD with
the Particle Flow reconstruction is shown in fig. 3.7. A resolution of less than 4% is
observed for jets above energies of 40 GeV.7
Hardware prototypes of the TPC [65] and the calorimeters [66] have been built and
tested in test beams by the LCTPC [67] and CALICE [68] collaborations, respectively.

3.4. Experimental advantages and limitations of e+e−

In contrast to proton-proton collisions, the collision of an electron and a positron does
not contain any structure functions or secondary collisions. Because only two elementary
particles are involved in this idealized collision, the initial conditions are well known and
the final state does not contain particles not originating from the e+e− pair. Together
with this triggerless run of the ILC this enables precise measurements of all final states
as well as model-independent measurements.
However, even in this ideal scenario the collision is not free of secondary effects. Be-
fore the hard scatter between e+ and e− either of these particles are likely to radiate
photons. This process is called initial-state radiation (ISR) and effectively reduces the
center-of-mass energy in the hard scattering process. Because this is a random process
and the photons are likely to escape into the beam pipe it adds an uncertainty on all
measurements.

6PandoraPFA is technically a set of reconstruction algorithms and together with a software devel-
opment kit and an interface. Here it shall refer to the combined set that constitutes the Particle Flow
event reconstruction.

7For comparison the jet energy resolution at CMS at the same jet energies is factor ∼ 2−4 higher [64].

24



3. The International Large Detector

Figure 3.7.: Jet energy resolution in ILD from full detector simulation [59]. Pro-
duced by generating u,d and s quark-antiquark pairs at the respective center-of-mass
energies. Neutrino contributions in the jets are artificially added to the reconstructed
energy.

In addition to this inherent uncertainty, lepton colliders also exhibit beam-induced back-
grounds. These are particles additional to the final state of the hard scatter which
originate from the other beam particles. Due to the strong electromagnetic field of the
bunches, the particles are strongly deflected during the collision. This can e.g. lead to the
creation of highly-energetic photons, called beamstrahlung, which can interact with the
bunch particles or each other. An overview of the different beam-induced backgrounds
can be found in [69].
Of particular relevance to measurements in hadronic final states are hadrons originating
from photon-photon collisions (γγ → qq̄). Hadrons produced in this process have low
transverse momentum and are therefore likely to be clustered into other low-θ jets.
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4. Monte-Carlo data set production
The goal of the work presented in this thesis is to investigate the sensitivity of the ILC
to vector boson scattering. Due to the dominance of hadronic decays of vector bosons a
high sensitivity is expected in the fully hadronic final state. Therefore, the signal process
is chosen as the hadronic decay arising from two W or Z bosons which are created in
vector boson scattering by two W bosons being radiated by the initial electron and
positron. The resulting νν̄qq̄qq̄ final state will be referred to as 2ν + 4q final state. A
schematic of this process is shown in fig. 4.1.
To enhance the contribution of vector boson scattering a high center-of-mass energy is
necessary. Here, collisions at a center-of mass energy of

√
s = 1 TeV are considered.

This is the highest foreseen design energy of the ILC.
Investigating the ILC’s measurement potential requires simulated collision events of
all relevant processes. This includes the signal process itself as well as dominant SM
background processes. In order for a background to influence the analysis it must have
a signature similar to the signal process. Processes which have a negligible cross-section
are not considered. A list of all processes relevant to this analysis is given in tab. 4.1.
No tt̄ events are considered in the analysis as they are not available at the time of this
writing. Previous analyses have found the tt̄ background to contribute between less than
a fifth to the overall SM background after the preselection.
The data set production is split into two sets. First, all signal and background processes
require data sets with SM values for the quartic gauge couplings. These data sets are
part of the standard production of the ILD detector concept group (sec. 4.1). For the
purpose of this study additional data sets for non-zero anomalous coupling values are
necessary. Such data sets are produced for this work as described in section 4.2.

q

q̄

q

q̄

e−

νe

e+

ν̄e

W −

W +

W −/Z
W +/Z

Figure 4.1.: Diagram of vector boson scattering in the νν̄qq̄qq̄ final state at e+e−

colliders.
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Table 4.1.: All processes considered in the analysis and their cross sections. Pro-
cesses are divided by the final state and beam particle polarization used in the event
generation. qu and qd summarize all up-type and down-type quarks (except for t),
respectively. l is used as summary for µ and τ . Detailed cross-sections of the back-
ground processes are provided in the appendix (tab. A.1).
(a) Processes that include signal events.
(b) Processes that contain only background events.

(a)

Final state Initial σ[fb]
helicities

νν̄quq̄dqdq̄u e−
Le+

R 50.6
νν̄quq̄uquq̄u e−

Le+
R 1.63

νν̄qdq̄dqdq̄d e−
Le+

R 5.39

(b)

Final state Initial σ[fb]
helicities

νν̄qq̄qq̄ e−
Re+

L 0.419
llqq̄qq̄ e−

Le+
L 30.2

e−
Le+

R 84.1
e−

Re+
L 15.2

e−
Re+

R 30.4
lνqq̄qq̄ e−

Le+
L 1.84

e−
Le+

R 36.6
e−

Re+
L 0.177

e−
Re+

R 1.83

Detector simulation and event reconstruction are performed in the standard produc-
tion setup for ILD. It uses the tools in iLCSoft [70] and computes on the grid using
ILCDIRAC [71].
For each combination of final state and initial particle polarisation the number of events is
chosen to be the corresponding cross-section times a luminosity of 1000fb−1. A minimum
number of 10,000 events is set to produce high statistics even for processes with low
cross-section.

4.1. Standard Model data sets
Standard model event data sets are used to test the reconstruction of the 6-fermion
final state and are the basis for the sensitivity studies. Generator level data sets for all
Standard Model processes relevant at the ILC had been produced in WHIZARD1.95 [42,
43] by the LCC Generator Group. These data sets include the final state of two neu-
trinos and 4 quarks as well as initial-state radiation and the final state parton shower,
hadronization and tau decays. For parton shower and hadronization PYTHIA6 [42, 72] is
used and tau decays are simulated with tauola [73], both have a binding in WHIZARD.
Fig. 4.2 shows the generator level quark kinematics in the

√
s = 1 TeV e−

Le+
R → νν̄qq̄qq̄

data sets. The quarks show a broad energy spectrum peaking around 40 GeV and an
angular distribution which only drops in the very forward region. After the hard scat-
tering process the quarks undergo the parton shower and hadronization, finally forming
jets of (semi-)stable particles hitting the detector. To provide a precise reconstruction,

27



4. Monte-Carlo data set production

0 100 200 300 400 500
 [GeV]q E

0

50

100

150

200

250

 E
ve

nt
s

(a)

0 1 2 3
qθ 

0

200

400

600

800

1000

1200

 E
ve

nt
s

(b)

Figure 4.2.: Generator level quark kinematics in SM e−
L e+

R → νν̄qq̄qq̄ generator data
sets at

√
s = 1 TeV used for ILD analyses. (a) Quark energy distribution. (a) Quark

polar angle distribution.

the ILD must therefore be able to reconstruct jets accurately at both low and high en-
ergies and for particles from barrel down to the forward region. As described in 3.3, the
ILD achieves jet energy resolutions at the few percent level from high energies down to
Ejet ∼ 20 GeV. The angular coverage down to 7◦, with the TPC covering angles down
to 20◦, provides acceptance for almost the complete spectrum and tracking for the peak
and plateau region of the quark angular spectrum.
Initial-state radiation (ISR) is included by the event generator but is not considered
as part of the final state matrix element. Rather, the ISR generation is based on the
known energy-loss spectrum [74]. The generator creates one ISR photon per beam and
assigns it a random fraction of the beam particle energy according to the pre-calculated
spectrum. Using this approximation, the event generation avoids increasing the number
of final state particles in the matrix element but neglects ISR photon multiplicity.
For detector level studies all events are run through detector simulation and reconstruc-
tion by the ILD detector concept group. Two such sets of Standard model data sets
are used in this study. Both use the same 6-fermion generator level events which in-
clude initial-state radiation. They differ in the iLCSoft software used for simulation
and reconstruction and in the additionally overlayed background.
One set is done using iLCSoft v01-19-051. No beam-induced backgrounds are consid-
ered in this data set. It is used only for the final state reconstruction study (see chapter
5).

1iLCSoft releases with v01-19-x version numbers are developer releases used to test the validity of
the code. v02-00-x version numbers indicate code used for the production of the latest ILD data set.
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A second set is produced with iLCSoft v02-00-02. All relevant event additional back-
grounds such as visible e+e− pairs from beamstrahlung and low-pT hadrons from photon-
photon interactions (see 3.4) are included in this data set.
Data sets for both the large and the small ILD model (see 3.3.1) are produced. In this
analysis, with exception of the comparison in 5.3.3, only the large detector model is
used.

4.2. Signal data sets with anomalous Quartic Gauge
Couplings

An additional set of generator level events is produced for all 2ν + 4q final states using
WHIZARD2.6.4 [42, 43]. The purpose of these data sets is to investigate how the observ-
ables change with non-zero anomalous quartic gauge couplings. Instead of generating
new data sets for each non-SM parameter point the SM events are reweighted.
Reweighting is the process of recalculating the matrix element of a generated event within
a different set of parameters. The ratio between the square of the recalculated matrix
element and the square of the original one is the event weight for the new parameter set.
Only those 2ν + 4q final states whose production includes vector boson scattering need
to be reweighted. As seen in e.g. fig. 4.1 this reduces the reweighting to all νeν̄e + 4q
states. All other 2ν + 4q final states form irreducible background. Their generator data
sets are created as well but no reweighting is done.
All 2ν + 4q final state data sets are produced using the WHIZARD model SSC_2. It differs
from the Standard Model WHIZARD model SM_CKM used in the production of the SM data
sets. The SSC_2 model allows for non-zero anomalous dimension-8 couplings but is
only implemented with a trivial CKM matrix. As in 4.1, these data sets are produced
with initial-state radiation and final state parton shower, hadronization and tau decays,
using the same tools. A dedicated ISR energy spectrum created for the 1 TeV ILD event
generation is used as input to the beam spectrum handler CIRCE2. To avoid divergences
in the matrix elements the phase-space of the final state quarks is restricted. Each quark
must have an energy greater than 1 GeV and all di-quark combinations must have a mass
above 10 GeV. An example steering script used to produce and reweigth a six-fermion
final state for the ILC is given in appendix B.2 In the current WHIZARD2.6.4 release, the
feature of reweighting events to different model parameters is found to not be available
for events which include ISR photons (see chapter 7).

2It includes the production of two data sets; one as described above and one which does not employ
PYTHIA. This second set must be produced due to incompatibility between the output format after the
hadronization and the reweighting code of WHIZARD2.6.4.
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reconstruction

In this thesis, a focus is put on investigating the reconstruction of the two-neutrino four-
quark final state. This serves as first optimization step in the analysis and assesses the
performance of the ILD concept and its event reconstruction. In this part of the study,
only signal events have been considered. A luminosity of 1ab−1 and beam polarisations
of −80% for e− and +30% for e+ are assumed. While this does not reflect a realistic
1 TeV running scenario of the ILC, this choice allows for a simple comparison with the
results of the studies in the ILC Letter of Intent (LoI) [75].

5.1. Signal event definition
Testing the signal reconstruction requires a definition of a WW (ZZ) event. All data
sets produced for ILD are created by defining the final state particles and taking into
account the complete set of matrix elements for their production. Intermediate particles
such as W and Z boson are not directly generated. They only appear as part of the
matrix element. Events can therefore not be classified as signal by vector boson entries
in the generator level information. Instead, WW (ZZ) events are defined using the
kinematics and flavour information of the final state particles on generator level. The
criteria used to define signal events in this analysis follow the same steps as [76].
Only events containing four quarks and a νeν̄e pair are considered for this classification.
The neutrino flavour constraint is imposed in accordance with the two initial particles
radiating a W +W − pair. To exclude neutrino production through a Z boson, the invari-
ant mass of the νeν̄e is required to be larger than 100 GeV. For an event to be WW -like
it must have two qq̄′ pairs each combining up-type and down-type. The invariant masses
of the pairs must be within 20 GeV of each other and the sum of the pair masses must
be within 147 and 171 GeV. To be classified as ZZ-like, an event must have two same-
flavour qq̄ pairs. The invariant masses of the pairs must be within 20 GeV of each other
and the sum of the pair masses must be within 171 and 195 GeV. With these require-
ments an exclusive event definition is achieved.
If an event is classified as either WW -like or ZZ-like, the qq̄ pairs are called vector bo-
son candidates. Mass distributions for the pairs of vector boson candidates on generator
level are shown in fig. 5.1. The two-dimensional distribution (fig. 5.1b) demonstrates
that events can not be classified as both WW and ZZ with the given definition. In the
one-dimensional distribution (fig. 5.1a) the average over the two candidate masses is
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Figure 5.1.: Mass distributions for vector boson candidates (qq̄ pairs with W/Z like
flavour and kinematics) on generator level. Events classified as WW -like are shown
in blue, those classified as ZZ-like in red. Coloured lines mark the boson masses
from the generator input parameters.
(a) Distribution of the averaged mass of the two candidates in the event.
(b) Two-dimensional distribution of the two pair masses in the event.

taken. This allows for a determination of the width using

m̄ = m1 + m2

2 , ∆m1 = ∆m2 ≡ ∆m ⇒ ∆m̄ =
√

∆m1 + ∆m2 = 1√
2

∆m . (5.1)

Due to the factor 1/
√

2 in eq. (5.1) these one-dimensional distributions of WW and ZZ
events show less overlap than a 1D projection of the two-dimensional distributions.

5.2. Basic analysis setup
The goal of this analysis step is to test the reconstruction of events which are relevant
to the analysis. Some basic steps of the analysis are required to select these events.
Higher-level event reconstruction and a standard event pre-selection are performed in
accordance with previous analyses [76, 77] with few additions. Since no Standard Model
background is included in these steps the pre-selection is not optimized and only serves
the purpose of reducing this investigation to the relevant events.
The high-level reconstruction employs jet clustering and tagging of isolated leptons.
Jets are clustered using the iLCSoft implementation of the FastJet tool [78]. Two jet
clustering steps are performed. The first serves the purpose of removing beam back-
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grounds and initial-state radiation. It uses exclusive kT jet clustering [23] to cluster the
reconstructed particles into a six-jet topology (see 2.2.1). Backgrounds that are either
very-forward or have a large distance to the hard jets are likely to not be included in the
six clustered jets. A six-jet topology is chosen in order to include possible hard gluon
radiation from the four-quark final state. The particles included in those clustered jets
are then taken as individual particles again and clustered another time. In this second
step an e+e− kT -algorithm [25] is used (see 2.2.2). The clustering is stopped once a
four-jet topology is reached. These four jets are then used in the analysis.
Isolated lepton tagging which is implemented in the MarlinReco framework of iLCSoft
is used to check the event for isolated charged leptons [79].
A preselection is applied to reject major Standard Model backgrounds. These back-
grounds are not directly taken into account in this first step. Cut parameters are taken
from [76] to reject the following events:

• Events containing isolation leptons: Isolated lepton tagging is applied that
identifies isolated charged leptons. If such leptons are found the event is rejected.
Additionally, to pass the event selection the jets must have an energy larger than
10 GeV, contain more than one charged particle and more than two particles.

• Events with less than four jets: The minimal jet clustering distance y34 be-
tween the four jets must be larger than 10−4.

• Events where the νν̄ pair originates from a Z: A minimal recoil mass
mrecoil =

√
E2

miss − ~p2
miss of 200 GeV is required.

• 2-fermion events and events with undetected charged leptons: The visible
transverse energy ET,vis =

√
m2

vis + p2
T,vis must be above 150 GeV and the visible

transverse momentum |~pT,vis| above 40 GeV.

• Events with particles in the beam pipe: Both the missing momentum and
the momentum of the track with highest energy must have an azimuthal angle of
| cos(θ)| < 0.99.

• tt̄ → bb̄qq̄lν̄ events: The 10◦ angular cone around the track with the highest
energy must contain particles with a summed energy of more than 2 GeV to further
remove events with isolated leptons.

Fig. 5.2 shows how the number of signal events is reduced after each of the cuts described
above. The strongest reduction in signal efficiency are observed in the transverse energy
cut. In the analysis of the ILD Letter of Intent (LoI) this was justified by a stronger
corresponding rejection of Standard Model backgrounds. An optimization of this cut in
particular, as well as of all other ones, will be necessary when employing them for the
signal extraction of an EFT analysis.
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Figure 5.2.: Cutflow for all events that where classified as signal on generator level
(details see sec. 5.1). Events classified on generator level as WW -like are shown in
blue, those classified as ZZ-like in red. Number in a bin represents number of events
left after the cut of the bin title is applied.

5.3. Separation of hadronic W W and ZZ decays
Precision measurements of electroweak interactions in hadron final states require that
hadronic decays of W ’s and Z’s can be distinguished. If they can be separated, their
branching ratios can be measured independently with increased precision. Complicated
identifications could introduce new sources of uncertainty. The goal is therefore to rely
only on kinematic variables for the separation of W and Z, such as the invariant mass
of the produced di-jet pair.
In the context of this analysis WW pairs and ZZ pairs created in vector boson fusion
need to be separated. Using the definition of signal-like events described in sec. 5.1,
the vector boson pair reconstruction can be tested. First the reconstruction and cut
analysis steps (section 5.2) are performed. The four jets are then paired to two di-jet
vector boson candidates by choosing the combination with the minimal mass difference
between the vector boson pairs. Mass distributions using these reconstructed vector
boson candidates for events which are classified on generator level as WW - or ZZ-like
are shown in figure 5.3.
The di-boson mass peaks are observed to be separated by more than the width of their
respective distributions. While they do significantly overlap it indicates that precision
measurements of the individual couplings are possible.
Two effects can be seen that are further investigated. One is a small shift of recon-
structed mass peak with respect to the true boson mass and the according generator
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Figure 5.3.: Reconstructed mass distributions for the two di-jet vector boson can-
didates of each event. Events classified on generator level as WW -like are shown in
blue, those classified as ZZ-like in red. Coloured lines mark the boson masses from
the generator input parameters.
(a) Distribution of the averaged mass of the two candidates in the event.
(b) Two-dimensional distribution of the two pair masses in the event.

level distribution. The other is the low mass region of the distribution which contains
more events than previously observed (see e.g. [76]).
For comparison the corresponding mass distributions from the ILD Letter of Intent are
shown in fig. 5.4. The effects mentioned above are not visible in the LoI study.
Several effects are excluded as causes of these behaviours in the reproduced mass distri-
butions.
One possible source are issues in the simulation or reconstruction of certain detector com-
ponents. This is investigated using the two-dimensional distribution of the reconstructed
boson candidate mass and its polar angle. As seen in fig. 5.5, no strong correlation of
the angle and either the tail or the mass peak shift is observed.
Initial-state radiation is considered as another possible cause. Photons arising from ISR
could be misclustered into the jets and influence the reconstructed kinematics. This is
investigated using generator level kinematics of the ISR photons. Fig. 5.6 shows that
neither the tail regions nor the downwards peak shift are caused by a specific kinematic
region of ISR photons. Rather, in events with ISR energy of 10 GeV or higher the
mass peak is observed to be shifted to higher masses compared to the distribution for
events with less than 1 GeV ISR energy. This suggests that visible ISR photons are
clustered into the jets of the vector boson candidates. Due to their additional energy
contribution the mass of the vector boson candidates would then overestimated. Since
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5. Investigation of the event reconstruction

Figure 5.4.: Reconstructed mass di-boson distribution as shown in the ILD Letter
of Intent [75]. Events classified on generator level as WW -like are shown in blue,
those classified as ZZ-like in red.

ISR varies between events this overestimation leads to a broadening of the peak widths.
A dedicated algorithm to find and reject ISR photons could reduce this effect and narrow
the peaks. This would shift the peaks further downwards but increase the separation
between WW and ZZ events. Such a study would require a more detailed modelling of
the ISR spectrum (see sec. 4.1) and is not performed in the scope of this thesis.
Since the data sets used for this investigation contain no further background events the
effects must originate in the reconstruction of the four-jet final state. Two aspects -
heavy flavour jet reconstruction and jet clustering - are found to strongly influence the
reconstructed mass distributions.

5.3.1. Reconstruction of heavy flavour jets
The particle composition and energy distribution in jets is known to depend on the mass
of the initial quark/gluon [16]1.
In jets formed by heavy flavour quarks (here: b, c) semi-leptonic decays appear more
commonly and a larger energy fraction goes to the heavy hadron formed from the initial
quark [80].
Because neutrinos from semi-leptonic decays can not be detected they pose an obvious
problem for accurate jet reconstruction. So do neutral hadrons if they are part of a
jet with high particle density and multiplicity (see 3.2). Since a high percentage of the
energy from a heavy quark goes to the leading hadron of the heavy quark jet, those
jets are more collimated than light quark jets. This leads to a high particle and energy

1See heavy quark fragmentation summary in section 19.9.
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Figure 5.5.: Two-dimensional distributions of the reconstructed kinematics of the
W/Z boson candidate in signal events. Signal event definition is done on generator
level. The boson candidate mass is shown horizontally while its polar angle is dis-
played vertically. Different mass regions are shown or suppressed.
(a) Distribution of boson candidate kinematics in WW mass peak region.
(b) Distribution of boson candidate kinematics in ZZ mass peak region.
(b) Distribution of boson candidate kinematics in tail region.
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Figure 5.6.: Two-dimensional distributions of the reconstructed W/Z boson candi-
date mass and generator level ISR kinematics in signal events. Signal event definition
is done on generator level. The boson candidate mass is shown horizontally.
(a) ISR energy versus reconstructed W/Z boson candidate mass.
(b) ISR polar angle versus reconstructed W/Z boson candidate mass.

density in the calorimeters and can cause confusion in Particle Flow algorithms. Jets
originating from a heavy quark are therefore more challenging to reconstruct.
The influence of the number of heavy quarks within the four initial quarks on the re-
constructed boson mass distributions is shown in fig. 5.7. Low-mass tails appear inde-
pendent of the number of heavy quarks. Heavy quarks however seem to be the origin
of the shift in the peak position of the distribution. Events that contain no heavy
quarks (0-column in fig. 5.7) show a mass peak positioned at the true boson mass. In
events with c or b quarks in the initial state the peak position is reconstructed below
the expected generator level value.
This suggests that heavy flavour jets are reconstructed worse than their light-flavour
counterparts. It is not documented whether the ILD LoI analysis was restricted to light
quarks. Such a restriction could lead to results that suggest a better resolution.
To investigate the influenve of heavy quark jets further an analysis of the individual jets
is necessary. For such studies the MarlinReco framework provides the TrueJet tool [81].
It contains functionalities for studying individual jets at different stages from generator
to detector level. This is possible because the simulation and reconstruction keep record
e.g. from which particles the shower clusters originate and from which clusters a particle
is reconstructed. TrueJet defines an individual jet using the colour neutral particles
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Figure 5.7.: Reconstructed di-boson mass averaged over both candidates in the
event plotted against number of heavy quarks (c, b) in the initial four quarks on
generator level. Only events classified on generator level as signal-like are considered.
Events classified on generator level as WW -like are shown in blue, those classified as
ZZ-like in red.
(a) Dependence on the combined number of heavy quarks.
(b) Dependence on the combined number of c quarks.
(c) Dependence on the combined number of b quarks.
Coloured lines mark the boson masses from the generator input parameters.
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Figure 5.8.: Jet energy scale for individual jets in signal events. Individual jets are
found using TrueJet. Points show the mean reconstructed jet energy in the interval
of true jet energy. The error is the error on the mean. Colours represent different
initial quark origins of the jets.

after the parton shower.2
Using the TrueJet tool jet energy scale plots for individual jets are produced depending
on the initial quark flavour. Fig. 5.8 shows these for light, c and b quark jets. A
degradation of the reconstructed energy is observed for jets from heavy quarks.
The two effects which can cause such degradations are semi-leptonic decays and mis-
clustering of neutral energy in the PFA. Corrections for these effects are studied as
described below.

5.3.1.1. Neutrino corrections for semi-leptonic decays

In jets containing heavy hadrons, the heavy quarks in these hadrons can decay by radi-
ating a W boson. If the W subsequently decays semi-leptonically, some of the jet energy
goes to the neutrino as invisible energy (see fig. 5.9). These decays can occur in jets
containing any heavy quarks. In the context of this analysis, t quarks are not considered
and semi-leptonic decays from s quarks only yield soft charged lepton-neutrino pairs.
The relevant semi-leptonic decays therefore originate from c and b hadrons. Due to the
additional missing energy in the neutrino such decays are expected to worsen the jet
energy scale. Two approaches to correct for semi-leptonic decays are studied.
The first approach aims at reconstructing the neutrinos four-momentum from the heavy
hadron decay vertex. Using the decay kinematics and assuming mν = 0 the follow-

2For details see [81] or the TrueJet code and Readme on GitHub (github.com/iLCSoft/MarlinRe-
co/tree/master/Analysis/TrueJet).
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W

Figure 5.9.: Schematic of a semi-leptonic decay of a hadron.

ing equations can be derived for the neutrino 4-momentum (for detailed derivation see
appendix C).

pν,⊥ = −pvis,⊥ (5.2a)

pν,‖ = 1
2 · D

·
(
−A ±

√
A2 − BD

)
(5.2b)

A = pvis,‖ · (2p2
vis,⊥ + m2

vis − m2
X) (5.2c)

B = 4p2
vis,⊥ · E2

vis − (2p2
vis,⊥ + m2

vis − m2
X)2 (5.2d)

D = E2
vis − p2

vis,‖ (5.2e)

The notation is in accordance with fig. 5.9 but the momentum of the charged lepton l
and the decay product hadron X ′ are summarized as vis (visible). p⊥ and p‖ describe the
momenta perpendicular and parallel to the momentum direction of the initial hadron
X, respectively. mX is the mass of the initial heavy hadron. This correction requires
knowledge about the initial hadron. Its mass mX and its direction of momentum must
be known. If these quantities are known, the equation has two solutions as seen in eq.
(5.2b). Additional information or assumptions would be required to infer the correct
sign.
The feasibility of such corrections is tested on all 2ν + 4q events for an initial helicity of
e−

L and e+
R. Semi-leptonic decays are identified on generator level as a charged lepton-

neutrino pair of the same flavour that originates from the same parent particle. Only
pairs which decayed from a B hadron are taken into account.
Fig. 5.10a shows the proof-of-principle for this correction. All inputs are taken from
generator level information of the decay chain. The correct sign of eq. (5.2b) is chosen
by evaluating which solution is closer to the true neutrino energy. Only few singular
deviations from the ideal diagonal are seen and are due to numerical uncertainties.
The effect of choosing a fixed solution in eq. (5.2b) is demonstrated by using only the
minus-sign solution and generator level kinematics (fig. 5.10b). Only few neutrinos show
an underestimation due to the fixed sign.
Next the reconstructed 4-momentum of the visible decay products is used. To isolate
the influence of the reconstruction uncertainty the correct sign in eq. (5.2b) is chosen
again by determining which is closer to the true neutrino momentum on generator level.
The result is seen in fig. 5.10c. Due to measurement uncertainties the square-root in
eq. (5.2b) can become imaginary. In this case the neutrino momentum can not be
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reconstructed and is set to zero. The same is done if none of the decay products form
the semi-leptonic decays are reconstructed. For the cases where a solution is found it is
seen to be smeared strongly by the introduced uncertainty.
The effect of this smearing is dampened when using only the minus-sign solution as
seen in fig. 5.10d. When doing so the resulting correction is observed to be no longer
diagonal.
It is concluded that a kinematic reconstruction of the neutrino 4-momentum requires
an increased four-momentum resolution. The approach is further constraint by the
requirement that the initial hadrons mass and direction must be known. While this may
be achievable using flavour tagging and secondary vertex finding, the influence of this
aspect is not studied in this thesis. Additional information is required to choose the
correct solution of eq. (5.2b). One possible solution is to consider the masses of the
resulting di-jet vector boson candidates for the different solutions. The jet pairing to
the vector boson candidates could then determine the preferred solutions for all jets in
the event by choosing the combination that gives the smallest mass difference between
the two candidates. Whether such an approach can improve the performance of the
correction is not studied in the scope of this work. Due to the current constraints this
correction is not feasible for the analysis of this final state.
A second approach to correct for the missing energy in the jets is based on the work
in [79]. This approach uses only the charged lepton energy and the correlation between
charged lepton and neutrino energy.
If a jet contains a semileptonic decay its true and measured energies can be related as

Etrue
jet = Emeas

jet + Eν . (5.3)

This can be rewritten as

Etrue
jet = Emeas

jet +
(1

x
− 1

)
Elep (5.4)

where Elep is the measured energy of the charged lepton in the semi-leptonic decay and x
is the fraction of the energy of the charged lepton-neutrino pair that goes to the charged
lepton:

x = Elep

Elep + Eν

. (5.5)

A correction for the neutrino energy is possible if the charged lepton is detected and the
charged lepton-neutrino energy spectrum is known. In this case an averaged x can be
calculated and the correction can be applied as

Ecorr
jet = Emeas

jet +
( 1

< x >
− 1

)
Elep . (5.6)

As can be seen in fig. 5.11 the distribution of x is dependent on the energy of the charged
lepton. The averaged fraction of charged lepton energy in the pair < x > is considered
as a function of the charged lepton energy to take this into account. A functional form
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Figure 5.10.: Test of neutrino reconstruction in semi-leptonic decays according to
eq. (5.2). Plots show the distribution of calculated neutrino energy depending on
the true neutrino energy. In all plots the mass and direction of the initial hadron are
taken from generator level information.
(a) All input variables taken from generator level information of the decay chain and
the correct solution is chosen using the true neutrino momentum.
(b) Input variables taken from generator level as well but minus-sign solution of eq.
(5.2) is chosen.
(c) Using the solution which gives the correct answer when generator level informa-
tion is used, but calculating the neutrino momentum using the reconstructed visible
4-momentum.
(d) Reconstructed 4-momenta of the visible particles are used and the minus sign of
eq. (5.2) is chosen.
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Figure 5.11.: Distribution of fraction of energy in charged lepton-neutrino pair that
goes to charged lepton. The different colors indicate constraints on the minimal
lepton energy (in GeV) in the pair. Only pairs originating from c or b type hadrons
are taken into account.

similar to eq. 5.5 is chosen:

< x > (Elep) = a · Elep

Elep + b
(5.7)

where a and b are fit parameters of the correction. Fig. 5.12 shows the fit result to the
< x > (Elep) distribution. The fit parameters are found to be a = 0.77 and b = 2.5.
A test of this correction is performed on individual jets as determined by the TrueJet
tool. Charged lepton-neutrino pairs are identified on generator level. Only charged
leptons from such pairs are used in this test. The correction (eq. 5.6) is applied to the
individual b jets using the generator level charged lepton energy.
Fig. 5.13 shows the resulting jet energy scales. A correction using the generator level
neutrino energy is included for comparison. The correction is observed to perform well
on b jets containing semi-leptonic decays (fig. 5.13a). When taking into account other
b jets (fig. 5.13b) the semi-leptonic decays are shown to be one significant cause for the
off-diagonal jet energy scale.
To see if this correction can be directly applied to the current reconstructed particles
a test is performed that corrects only those decays in which the charged lepton of the
decay is reconstructed and identified as charged lepton. As seen in fig. 5.13c the current
charged lepton identification limits the performance of the correction. If it is to be used
on reconstructed events, a improved lepton identification is needed. Studies are ongoing
to implement more sophisticated particle identifications for ILD. These methods use
e.g. the energy deposit along the track in the TPC or the hit times of the showers in the
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Figure 5.12.: Averaged fraction of energy in charged lepton-neutrino pair that goes
to charged lepton dependent on charged lepton energy. The error bars are show the
standard deviation of the distributions in each bin. In red the fit used for the neutrino
correction is shown. Only pairs originating from c or b type hadrons are taken into
account.

calorimeter to distinguish particle types.
Additional to the identification of charged leptons, the identification of semi-leptonic
decays and the detector resolution can limit the feasibility this average-based correction.
A full detector level test would need to perform an identification of B and C hadron de-
cays using reconstructed information and apply it on the reconstructed energies. While
the charged lepton energy resolution is not expected to limit this correction an iden-
tification on detector level is complex and lies beyond the scope of this thesis. In the
further analysis these corrections are not applied.

5.3.1.2. Jet energy corrections for neutral hadrons

If particles hit the calorimeters close enough their showers can overlap. The hits in the
overlap region are assigned to one the particles during the reconstruction stage. During
this assignment some hits can be mis-associated with particles. In an extreme case of
this a neutral hadron whose cluster overlaps with another particle is not found because
all of its hits are assigned to surrounding clusters. This effect is more likely to happen
the higher the particle density is in the calorimeter. Due to the collimated nature of
heavy quark jets their neutral hadron energy is expected to be underestimated.
The feasibility of correcting this underestimation based on the reconstructed particles is
studied. For this purpose individual jets and their reconstructed neutral hadron content
are determined using the TrueJet tool (see 5.3.1). Fig. 5.14 shows how the jet energy
scale changes when constraints are set on the maximum allowed reconstructed neutral
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Figure 5.13.: Test of average-based neutrino correction (eq. 5.6) on individual jets
identified using TrueJet. The correction is only applied to charged lepton-neutrino
vertices which where found on generator level and it uses the generator level charged
lepton energy. In the plots the average reconstructed jet energy is shown depending
on the true jet energy. It is shown without the correction, with the correction and
for a correction which adds the generator level neutrino energies.
(a) Only b jets which contain semi-leptonic decays are used.
(b) All b jets are shown, the correction is still only applied when semi-leptonic decays
are found on generator level.
(c) All b jets are shown, the correction is only applied when semi-leptonic decays are
found on generator level and the lepton was reconstructed and identified as lepton.
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hadron energy. No dependence on the reconstructed neutral hadron energy is observed.
A simple correction based on the reconstructed neutral hadrons therefore does not seem
feasible.
The non-ideal jet energy scale could still originate from confusion in the reconstruc-
tion. If the particle density is too high neutral particles would not be assigned all their
deposited energy. In this case a correction must be based on particle density and the
energy deposit in the calorimeter. Such a correction is not performed in the scope of
this study.

5.3.2. Influence of jet clustering
The step of jet clustering aims at recovering the kinematics of the initial partons. If two
jets are close to each other or if the jets have wide opening angles, individual particles
can be mis-clustered to the wrong jet. When and how often this happens is dictated by
the event shape and the clustering algorithm.
To investigate how strongly the separation of WW and ZZ events is influenced by
the jet clustering process the clustering can be performed using generator level infor-
mation. Using the TrueJet tool the initial colour neutrals within the four quarks are
found. These correspond to the hadronically decayed vector bosons. With information
from the simulation and reconstruction process it is possible to collect the reconstructed
particles which originated from each initial colour neutral. Additional to the perfect,
but unrealistic jet clustering this approach also implies a perfect jet pairing into vector
bosons candidates.
These ideally reconstructed vector boson candidates are used to create mass distributions
in analogy to those in fig. 5.3a. Fig. 5.15 displays the resulting distributions.
No change is observed in the shift of the peak positions since it originates from heavy
quark jet reconstruction as discussed above. The low-mass tails of the distribution as
seen in fig. 5.3a disappear when using this ideal clustering process. For a complete
analysis the jet clustering step should therefore be optimized.
It is unclear how the difference between the normally clustered mass distribution in fig.
5.3a and the corresponding result from the ILD LoI analysis (fig. 5.4) arise. The jet
clustering step used in the ILD LoI analysis is not documented.

5.3.3. Comparing detector models
A comparison of the separation of WW and ZZ events between the current two models
of the ILD is performed. The main differences between the detector models are the TPC
radius and the magnetic field strength (see 3.3.1). Analyses which investigate low-pT

particles or processes with non-uniform polar angle distributions around the TPC corners
are expected to be affected by these differences. Since the analysis of the WW and ZZ
separation does not focus on such low-pT particles and the angular quark distribution
does not show strong peaks (see fig. 4.2b) no strong detector model dependence is
expected.
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jets are clustered from generator level information using the TrueJet tool. Colours
show different constraints that are set on the summed reconstructed neutral hadron
energy in the jet.
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Figure 5.15.: Reconstructed mass distributions averaged over the two vector boson
candidates of each event. Vector boson candidates are clustered from generator level
initial colour neutrals using the TrueJet tool. Events classified on generator level as
WW -like are shown in blue, those classified as ZZ-like in red. Coloured lines mark
the boson masses from the generator input parameters.

The data sets used for this comparison are smaller than the ones used above and contain
5000 events for each of the following final state combinations: νν̄ ′quq̄dqdq̄u, νν̄ ′quq̄uquq̄u

and νν̄ ′qdq̄dqdq̄d. These events are run through the detector simulation and reconstruc-
tion in using a script which dedicated to creating the separation plots (see 6.1). ISR
and beamstrahlung are included in this data set, but γγ → low-pT hadron background
is not taken into account. Mass distributions are created for both detector models and
shown in fig. 5.16.
Due to the limited number of events the shift in the mass peaks investigated above can
not be clearly observed here. Both detector models show low-mass tails in the mass
distribution. The models achieve similar separations of the WW and ZZ events.
A full investigation of how the limits on anomalous quartic gauge couplings are affected
by the detector model is not performed in the scope of this thesis.
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6. Documentation and reproducibility
Documenting the details of a physics analysis is key to ensuring its reproducibility.
As described in the previous chapter discrepancies of this study and the one performed
for the ILD LoI are found. Because the documentation of the previous analysis does
not describe the aspects that concern these differences some time had to be spent iden-
tifying the origins. To avoid such situations a documentation in the form of papers and
theses may not always be sufficient. A full reproducibility in data analysis can only be
guaranteed if the analysis code itself is preserved for future reference. In this way both
the methods used in the analysis and potential bugs and mistakes can be identified.
Within the ILD detector concept group the central storage system for software and
analysis code is GitHub [82]. It utilizes git as a version control system. The iLCSoft
framework used for ILD simulation, reconstruction and analysis is placed there [70].
In this chapter several methods are described which are used to preserve the code of this
analysis.

6.1. Reproducible performance plots: ILDPerformance
All reconstruction studies done in chapter 5 are centered around the boson candidate
mass distribution in fig. 5.3. The plot primarily demonstrates the ILD physics perfor-
mance. Another use opens up when it is created starting the analysis from generator
level input. Then it can be used as a test of the complete chain of detector simulation,
event reconstruction and analysis.
Codes that perform this kind of test are collected in the ILDPerformance repository
of the iLCSoft framework [83]. A new module called WWZZAnalysis is implemented in
ILDPerformance. It allows the user to run the analysis necessary to create the plot in fig.
5.3 for any given detector model and software version. The analysis can be performed
on events which already went through detector simulation and event reconstruction.
Alternatively, generator level stdhep files can be provided as input. In the latter case
detector simulation and event reconstruction are run using the standard production code
of ILD.
Because simulation and reconstruction are time consuming tasks it may not be feasible to
run them on a local computer. To allow the user to run a large number of events the script
interfaces with ILCDIRAC [71]. By using ILCDIRAC computations can be distributed to a
worldwide computer grid. Large numbers of events can be simulated and reconstructed
by splitting the computation into small sets of events and computing them in parallel
on the grid.
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6. Documentation and reproducibility

This has been tested and used to produce the comparison between the detector models
in the previous chapter (fig. 5.16).

6.2. Standardized single jet investigation
Another main aspect of the investigation described in the previous chapter is the study
of individual jet reconstruction. Within the iLCSoft framework such studies can make
use of the TrueJet tool (for details see 5.3.1) [81]. This tool provides the individual jets
clustered from generator level information. For use in an analysis additional modules
are needed to extract relevant observables from the jets.
To unify and simplify this process the new TJjetsPFOAnalysis processor is implemented
in the MarlinReco framework. It combines the TrueJet helper class TrueJet_Parser
with the standardizes event analysis PFOAnalysis of the PandoraPFA framework [84].
PandoraPFA extracts general observables - e.g. energy or momentum - for the complete
event and combined for different particle types - e.g. neutral hadrons, charged particles,
etc. The observables are extracted for reconstructed and generator level particles. In
the TJjetsPFOAnalysis this analysis is applied to the individual jets in an events as
they are found by TrueJet.
Being part of MarlinReco this processor usable by anyone who utilizes the iLCSoft
framework without any further download or compilation required.

6.3. Benchmark code documentation
As is seen in chapter 5 undocumented analysis code can lead to confusion in future
analysis and hinder reproducibility. To avoid this the ILD physics group now requires
code written for benchmark analysis1 to be documented on GitHub. In the GitHub or-
ganisation ILDAnaSoft the benchmark analysis code is collected [85]. No strict coding
guidelines are posed on the code placed there but a understandable structure and ac-
cording READMEs2 are required. This allows straightforward access to analysis codes
and provides version control for the people performing the analysis. Code used in chap-
ter 7 and for creating the new data sets in WHIZARD2 (see sec. 4.2 ) is fully stored in an
according repository [86].

1Benchmark analysis are physics are analysis which are considered essential to the ILD physics case.
2A README is a comprehensive summary of how to use the code and important details on its

inner working.
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7. Steps towards an aQGC analysis
This chapter describes the steps taken with the goal of testing the ILC’s sensitivity
to anomalous quartic gauge couplings. Here, SM data sets which are produced with
WHIZARD1.95 and iLCSoft v02-00-02 for the large ILD model are used as well as an
additional set of generator level signal events produced with WHIZARD2.6.4 (for details
see chapter 4). A luminosity of 1ab−1 and beam polarisations of −80% for e− and +30%
for e+ are assumed for the purpose of testing the analysis setup. In a full analysis, a
realistic running scenario and beam polarisation sharing should be used.
Sensitive observables, comparisons with previous studies and the roadmap to achieve
limits on anomalous coupling are described. Because the reweighting feature of WHIZARD2
is currently not available for the signal events in the presence of ISR and fragmentation,
no limits are set in the scope of this thesis.

7.1. Event selection
The event selection applied in this chapter uses the same procedure and cuts as de-
scribed in sec. 5.2. Table 7.1 shows the cut efficiencies for all considered SM signal
and background processes [75]. In the table and the following sections, q summarizes
all quark species and qu(qd) all up-(down-)type quarks. No SM tt̄ is considered in this
work, but has been previously shown to contribute less than 20% to backgrounds after
the preselection. Taking into account all backgrounds, a rejection efficiency of at the
few percent-level is achieved. Dominant backgrounds after the selection are νeν̄equq̄dqdq̄u

with off-shell gauge bosons failing the signal definition and e+e−quq̄dqdq̄u. An overall
signal-to-background ratio of 3.25 is observed before any cuts in the vector boson can-
didate masses.
In the aQGC analysis, separate differential cross-section distribution for WW and ZZ
final states are required in order to set stringent limits in all directions of the FS,0
parameter space [39]. This necessitates a definition of WW and ZZ on detector level. A
definition similar to the generator level signal definition (see 5.1) is physically motivated.
In contrast to the generator level definition, no flavour or helicity information is available
in the current analysis. The signal definition in the reconstructed phase space can
therefore only be chosen from the reconstructed boson candidate distributions, shown
in fig. 7.1.
Due to the additional beam-induced backgrounds included in the data set used here,
the boson mass peaks observe a stronger smearing than those found in chapter 5 (Fig.
5.3). The large width of the distribution compared to the generator level requires looser
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7. Steps towards an aQGC analysis

Table 7.1.: Number of events before and after preselection as well as selection effi-
ciency for all SM signal and background processes. In final states an l notates µ/τ .
No tt̄ background is considered here. For detailed numbers of the background final
states see tab. D.1.

Final state Before cuts After cuts Efficiency
Signal events
WW 16753 8544 51.00%
ZZ 6110 3733 61.09%
Background events
llqq̄qq̄ 61231 264 0.43%
lνqq̄qq̄ 22112 1361 6.16%
ννqq̄qq̄ 10852 3519 32.43%
Total bkg. 94195 5144 5.46%
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Figure 7.1.: Reconstructed mass distributions for the two di-jet vector boson candi-
dates of each event in the data set produced with iLCSoft v02-00-02. Events clas-
sified on generator level as WW -like are shown in blue, those classified as ZZ-like
in red. The sum of all SM backgrounds are shown in black. No tt̄ background is
considered here. Coloured lines mark the boson masses from the generator input
parameters.
(a) Distribution of the averaged mass of the two candidates in the event.
(b) Two-dimensional distribution of the two pair masses in signal events.
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7. Steps towards an aQGC analysis

Table 7.2.: Number of events after preselection which are reconstructed as WW or
as ZZ for SM signals and backgrounds. l and ν summarize all lepton generations. No
tt̄ background is considered here. For detailed numbers of the individual background
final states see tab. D.1.

Generator level After cuts Reconstructed in
final state WW region ZZ region
WW 8544 5410 1246
ZZ 3733 854 1851
llqq̄qq̄ 61231 15 16
lνqq̄qq̄ 22112 284 274
ννqq̄qq̄ 10852 1541 659
Total background 2694 2195

(incl. ZZ) (incl. WW )

boson mass criteria than in the generator level definition. For this analysis the detector
level signal regions are defined using the following cuts:

• W W region: 145 GeV< mV,1 + mV,2 < 178 GeV and |mV,1 − mV,2| < 25 GeV,

• ZZ region: 178 GeV< mV,1 + mV,2 < 205 GeV and |mV,1 − mV,2| < 25 GeV,

where the V are the reconstructed boson candidates. This definition has not been op-
timized to minimize the contamination by the other signal or SM backgrounds. Future
analyses may also include flavour information from jet flavour tags in the signal def-
initions. A template fit to the relative contributions in the 2D mass plane could be
performed as well and would be physically motivated.
Table 7.2 shows the number of signal and SM background events in the V V signal
regions. Signal-to-background ratios of 2.01 in the WW region and 0.84 in the ZZ
region are observed. These numbers include the contamination of the other signal (e.g.
true WW reconstructed in the ZZ region) as background. A contamination fraction of
14.6% for true WW events reconstructed as ZZ and of 22.9% of true ZZ reconstructed
as WW is found.1 Previous generator level studies assumed a contamination fraction of
only 12% after a preselection which sets additional cuts on the vector boson kinematics
(see 2.4.1,[39]). This may still be achievable by optimization of preselection and signal
definition cuts.
In both signal regions contaminations from the respective other signal together with
non-resonant νν̄ + 4q SM backgrounds constitute the dominant backgrounds. Previous
analyses showed a stronger suppression of the non-resonant background [75]. This may
be linked to the absence of tails in the mass distributions of previous analyses, as dis-
cussed in chapter 5. Not considered in table 7.1 and the numbers given above are SM
tt̄ backgrounds. These are however expected to increase the background by less than

1These fraction are wrt. the total number of WW (ZZ) events which passed the preselection.
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7. Steps towards an aQGC analysis

25% [75]. An optimization of the preselection is likely to decrease the background con-
tributions by a factor exceeding the tt̄ contribution, and lead to an overall increase of
the signal-to-background ratios. The numbers given here are understood as conservative
estimates of the ILD’s potential.

7.2. Sensitive observables
Previous studies observed an increased sensitivity to anomalous coupling when tak-
ing into account not only absolute cross-sections but also differential distributions [76].
These studies describe three observables whose distributions need to be taken into ac-
count:

• the mass of the combined four-momentum of both vector boson candidates mV V ,

• the absolute value of the cosine of the polar angle of the boson candidates in the
V V rest frame with respect to the combined V V momentum direction | cos (θ∗

V ) |,

• and the absolute value of the cosine of the polar angle of the jets in the V rest
frame with respect to the combined V momentum direction | cos

(
θ∗

jet

)
| for each

vector boson candidate.

Distributions of these variables after the preselection for signals and backgrounds in the
two signal regions are shown in fig. 7.2.
The angular observables have similar distributions for signal and background events. A
clear difference is observed in the di-boson invariant mass. The non-resonant background
is found to have a flat distribution while the V V signal events peak at low masses. Future
studies could investigate this as an opportunity to further increase the sensitivity of the
analysis.

7.3. Towards setting limits on anomalous couplings
The distributions of the observables from the previous chapter together with the mea-
sured total cross-sections for WW - and ZZ-like events can be used to test the sensitivity
to anomalous quartic gauge couplings. Doing so requires reweighting the signal events
to different points in the EFT parameter space. This step is unavailable in WHIZARD for
events with initial-state radiation as of the time of this writing.
Here, an estimate for ILC’s sensitive can only be given in the form the signal significance
in both reconstructed signal region. The significance

S = Nr. signal events√
Nr. background events (7.1)

is found to be 104 for true WW events in the reconstructed WW region and 40 for
true ZZ events in the reconstructed ZZ region. This definition of significance is only
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physically meaningful when trying to measure an excess of new physics [87], which the
SM V V contribution used for the numbers here is not. Nevertheless, it demonstrates
that luminosities achieved at the ILC allow a clear measurement of VBS.
A framework is written to further analyse both the full set of SM signal and backgrounds,
and the generated events for reweighting. It uses Marlin to extract all relevant observ-
ables from the LCIO event files and analyses them with the RDataFrame class of ROOT
6.14 [88].
The framework is used to compare the generator data set produced with WHIZARD1.95
for previous analyses with the data set produced with WHIZARD2 for this analysis. Fig.
7.3 shows the distributions of the invariant mass of both vector boson candidates in
signal events. While the general shape of the distributions agrees between the two
generators the data set using WHIZARD2 show a small reduction of events in the peak
around 200 GeV.
A full analysis of the ILC’s sensitivity to anomalous quartic gauge couplings would
require the following steps.

1. Production and reweighting of generator level samples:
A full generator level event data set of all relevant SM backgrounds to be pro-
duced. The events can then be reweighted to a set of EFT parameter points. Only
processes relevant to the operators which are considered need to be reweighted.
Previous studies by the ATLAS collaboration show that more accurate reweighting
results can be achieved by generating multiple data sets at large EFT couplings
and then reweighting those to smaller coupling [89]. The simulation done in the
scope of this thesis has not taken this into account (see chapter 4).

2. Detector simulation and reconstruction of events:
For all generated events the detector response must be simulated and event re-
construction needs to be performed. This can either be performed in the central
production system of the LCC generator group, or using the setup described in
chapter 6.

3. Determining sensitive observables:
Observables sensitive to the chosen anomalous couplings need to be determined
using the reconstructed events. This step has been performed previously for the
operators chosen in this work, see e.g. [39]. For other operators the change in dis-
tributions of observables at different anomalous couplings can be used to determine
a set of sensitive observables. Ideally, a set of observables would be found in which
each observable reacts only to one anomalous coupling but shows a strong depen-
dence. In practise some redundancy is wanted to perform a fit and the observables
are likely to depend on a set of operators.

4. Parametrization of anomalous coupling dependencies: Event generation
and reweighting can only be performed for a finite amount of of parameter point.
This is in conflict with the goal of a sensitivity study to determine possible limits
on a continuous parameter space. In order to test the sensitivity depending on
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the continuous coupling space the dependence of the observables on the anoma-
lous coupling must be parametrized. When using dimension-8 EFT, the relevant
Feynman diagrams depend linearly on the anomalous couplings. Therefore, the
corresponding matrix elements and total cross-sections can be parametrized by a
second order polynomial (as a function of the coupling). As a result, all cross-
sections and all bins in the histograms of the sensitive observables can be fit by a
second order polynomial using the events reweighted to multiple coupling points.
This provides an estimate for measurement results as a continuous function of the
anomalous couplings.

5. Extraction of limits: To extract potential limits that can be set by the mea-
surement, the analysis is performed using SM events. Measurement results for
anomalous coupling points can then be tested for compatibility with this SM mea-
surement. Using the previous step, the measurement result for any coupling point
can be found and tested. As a result, a region in the coupling space can be pro-
vided which would be excluded with a given certainty by a measurement of the
expected SM result.

When using this EFT approach it is important to check the validity of the tested model
and measurement.
In particular, a measurement of a given EFT operator should take into account the effect
of this operator on all processes included in the analysis [39]. For this analysis, this would
require extending the reweighting and the signal definition to other final states that may
include vector boson scattering (e.g. e−e+quq̄dqdq̄u in which vector boson scattering may
occur between to Z bosons).
Further it is important to state the validity region of the chosen EFT operators [40]. If
new physics appears at low energies an EFT approach can not be applied since an EFT
assumes that the cause of the observed effects lies at energies above the observed range.
Additionally, if no artificial unitarization is applied to the EFT, the approach can only
be used if all observed processes are within the phase-space in which the EFT operators
do not violate unitarity. Due to the rapid rise of dimension-8 operator amplitudes with
energy this limits the application to events with mV V in the order of 100 GeV. If the EFT
is to be used in the full kinematic range, the scattering matrix needs to be unitarized
[39]. In such a case the EFT can still be used as a tool to parametrize non-SM effects,
but it is no longer meaningful as a perturbative expansion.
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Figure 7.2.: Reconstructed observables which are sensitive to anomalous quartic
gauge couplings after preselection for events which are reconstructed as WW (a-e)
and ZZ (c-f). The legend shows the generator level signal or background final states.
Distributions of SM signal and backgrounds (including contamination from the re-
spective other signal) are stacked. No tt̄ background is considered here. The back-
ground notation is to be read from left to right as particle-antiparticle pairs and:
x≡ qu, y≡ qd, l≡ µ/τ .
(a),(c) Distribution of invariant mass of combination of both vector boson candidate
four-momenta.
(b),(d) Angle of vector boson candidate in rest frame of both candidates wrt. their
combined momentum direction in the detector frame.
(e),(f) Angle of jet in rest frame of its vector boson candidate wrt. momentum of
candidate in detector frame.
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Figure 7.3.: Generator level distribution of invariant mass of both vector boson
candidates in signal events for data sets created with WHIZARD1.95 (DBD) and
WHIZARD2.6.4 (own).
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8. Conclusion
The goal the work presented in this thesis is to test the sensitivity of the International
Linear Collider (ILC) to vector boson scattering (VBS). VBS is the scattering of the
massive electroweak gauge bosons. Without a low-mass SM Higgs boson, the cross
section calculation for this process would diverge at high center-of-mass energies. It is
therefore likely to be affected if physics beyond the Standard Model (BSM) occurs in the
electroweak or Higgs sector. A high center-of-mass energy at the TeV level and precise
measurements of the VBS are needed to find or constraint such BSM models.
The ILC - a proposed linear e+e− collider - can provide such precise collision measure-
ments up to 1 TeV. In this work, the reconstruction and sensitivity of the ILC to VBS
is studied at the International Large Detector (ILD) at

√
s = 1 TeV. Because the clean

environment of e+e− collisions together with Particle Flow event reconstruction allows
precision measurements even in hadronic final states, this work focusses on the domi-
nant fully hadronic decay of the final state gauge bosons. Monte-Carlo data sets of the
νν̄qq̄qq̄ signal final state have been used to study the final state reconstruction in a full
ILD detector simulation.
A key aspect of the VBS is the separation of WW and ZZ final states. This is challenging
in the hadronic decay modes since charge and flavour information of the vector boson
decay products is not easily available. A separation based solely on the kinematics of the
reconstructed vector bosons is possible if the gauge boson mass peaks can be separated.
While the mass peaks are found to be well separated in the data set used for this analysis,
deviations to previous analyses of the final state are found. The reconstructed boson
mass peaks are observed to be shifted towards lower masses wrt. to the true boson
masses, and a long tail in the low-mass region is seen.
To investigate these issues in the reconstruction, the TrueJet tool provided in iLCSoft
is used. It tracks the stages of a jet from the initial parton to the finally reconstruct jet
particles based on information available from the detector simulation and event recon-
struction. Two origins for the observed issues in the reconstruction could be identified.
The low-mass tails were identified to originate from non-ideal jet clustering. For a
precise event reconstructed the here employed Durham jet clustering should therefore
be replaced by a more sophisticated algorithm in future analyses.
A second problem was seen in the reconstruction of heavy flavour jets. These were not
considered in a previous analysis. Jets originating c and b quarks are found to have
a non-diagonal jet energy scale. This was partially attributed to neutrinos in the jets
which can not be reconstructed.
Two possible corrections for such neutrinos were studied on a proof-of-principle level.
Both assume ideal identification of semi-leptonic decays.
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The first approach tries to reconstruct the neutrino based on four-momentum conser-
vation and using the kinematics of the other decay products. Assuming even perfect
reconstruction of the decay products and vertex as well as knowledge of the initial par-
ticle mass, there still exist two mathematical solutions for the neutrino momentum.
Additionally, the reconstructed momenta of the decay products are seen be a limiting
factor of this approach.
A second approach based on the average energy distribution in charged lepton-neutrino
pairs was investigated. In this approach, the jet energy is corrected based on the recon-
structed charged lepton energy and a fit to the kinematic spectrum of charged lepton-
neutrino pairs. When applied to true semi-leptonic, this correction is found to improve
the jet energy scale of heavy quark jets.
However, even when adding the generator level neutrinos to the heavy jets, their jet
energy scale was still found to be non-diagonal. Neutral hadrons were investigated as
a cause but found to likely not be the origin. Further studies are currently ongoing at
ILD, investigating other possible causes of this observation.
Motivated by current optimization studies of the ILD design, the separation was com-
pared for a large and a small ILD model. The small model has a reduced tracker width
and an increased magnetic field. No visible impact on the separation of the two gauge
boson mass peaks was observed. While the pure jet energy resolution has been previ-
ously demonstrated to slightly worsen for the small detector, this difference is covered
in physics events by effects from imperfect jet clustering or beam-induced backgrounds.
To study the potential of measuring anomalous quartic gauge couplings (aQGCs), an
additional set of generator level signal data set was produced with the WHIZARD2 event
generator. The data set was shown to be consistent with data sets produced with
WHIZARD1.95. Problems were identified in the WHIZARD reweighting mechanism that
currently prevent this new data set from being reweighted to other aQGC parameter
points.
Finally, the VBS measurement potential of the ILD was studied using the newest sim-
ulation and reconstruction software. An optimization of the cut analysis behind this
study could not be performed in the scope of this work. The result found here show
a decreased performance compared to earlier studies due. This is due to the missing
tuning to the new setup which includes more beam-induced backgrounds than previous
studies and can be additionally attributed to the lack of cut parameter optimization.
In this setup, significances of S/

√
B = 104 for WW final state events and 40 for ZZ

events were observed.
The achieved WW/ZZ separation roughly confirms assumptions made in recent theory-
level studies, which predict a sensitivity between 2 and 4 times better than current
LHC analyses. Further studies are needed to optimize this analysis, apply the discussed
corrections to heavy flavour jets, and extract possible limits on EFT parameters.
However, even in this un-optimized setup without any corrections applied, the ILD was
found to be capable of precise measurements of vector boson scattering.
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A. Detailed generator level cross-sections

Table A.1.: Detailed list of background processes considered in the analysis de-
scribed in 7 and their cross sections. Processes are divided by the final state and
beam particle polarization used in the event generation. qu and qd summarize all
up-type and down-type quarks (except for t), respectively. l is used as summary for
µ and τ .

Final state Initial σ[fb]
helicities

νν̄quq̄dqdq̄u e−
Re+

L 0.269
νν̄quq̄uquq̄u e−

Re+
L 0.0450

νν̄qdq̄dqdq̄d e−
Re+

L 0.105
νe+quq̄uqdq̄u e−

Le+
L 1.84

e−
Le+

R 9.19
e−

Re+
L 0.0295

νl+quq̄uqdq̄u e−
Le+

R 9.11
e−

Re+
L 0.0589

e−ν̄quq̄uquq̄d e−
Le+

R 9.18
e−

Re+
L 0.0295

e−
Re+

R 1.83
l−ν̄quq̄uquq̄d e−

Le+
R 9.11

e−
Re+

L 0.0590

Final state Initial σ[fb]
helicities

e−e+quq̄dqdq̄u e−
Le+

L 30.1
e−

Le+
R 72.6

e−
Re+

L 14.8
e−

Re+
R 30.3

l−l+quq̄dqdq̄u e−
Le+

R 10.8
e−

Re+
L 0.182

e−e+quq̄uquq̄u e−
Le+

L 0.0866
e−

Le+
R 0.152

e−
Re+

L 0.0883
e−

Re+
R 0.0874

l−l+quq̄uquq̄u e−
Le+

R 0.106
e−

Re+
L 0.0363

e−e+qdq̄dqdq̄d e−
Le+

L 0.0604
e−

Le+
R 0.197

e−
Re+

L 0.0691
e−

Re+
R 0.0606

l−l+qdq̄dqdq̄d e−
Le+

R 0.246
e−

Re+
L 0.0794
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B. Example of WHIZARD steering

#################################
# SINDARIN−MAIN−FILE #
# aQGC in VBS−S c a t t e r i n g #
#################################
# Marco Seku l l a #
# sekul la@phys ik . uni−s i e g e n . de #
# Adopted by : #
# Jakob Beyer #
# jakob . beyer@desy . de #
#################################

$out_ f i l e = "WHIZARD_E1000_v1v1xyyx_eLpR_SSC_2 . dat "
open_out ( $ou t_ f i l e )

! Allow resonances in spectrum and s e t l i m i t to o f f −s h e l l component
? resonance_his tory = true
resonance_on_shel l_l imit = 16
resonance_on_shel l_turnof f = 2

################################
# Parameters #
################################

! Phys ics model
model = SSC_2
s t r i n g $modelname = "SSC_2"

? phs_keep_nonresonant = true

! Parameters o f phys i c s model −> SM point f o r s imu la t i on
eft_h = 1
fkm = 0
f s 0 = 0
f s 1 = 0
r e a l a4 = 0 .0
r e a l a5 = 0 .0

################################
# Proce s s e s #
################################

p r i n t f "################################################"
p r i n t f "# Model = %s " ( $modelname )
p r i n t f "# Process = e l e c t ron , po s i t r on => all_nu_e , all_nu_e , "
p r i n t f "# all_uptype , all_downtype , "
p r i n t f "# all_downtype , al l_uptype "
p r i n t f "# accord ing proce s s name : v1v1xyyx "
p r i n t f "#"
p r i n t f "# Anomalous coup l ing s and u n i t a r i z a t i o n turned "
p r i n t f "# o f f f o r SM va lue s in s imu la t i on . "

74



Appendix

p r i n t f "# => aQGC weights c a l c u l a t e d by rescann ing "
p r i n t f "################################################"

a l i a s uptype_q = u : c
a l i a s uptype_antiq = U:C
a l i a s downtype_q = d : s : b
a l i a s downtype_antiq = D: S :B
a l i a s al l_uptype = uptype_q : uptype_antiq
a l i a s all_downtype = downtype_q : downtype_antiq
a l i a s a l l_q = al l_uptype : all_downtype

a l i a s all_nu_e = n1 : N1
a l i a s all_nu_l = n2 : N2 : n3 : N3

! Make WHIZARD e x p l i c i t l y take care o f f i n a l s t a t e p o l a r i z a t i o n s
p o l a r i z e d e1 , e2 , e3 , u , d , c , s , b , n1 , n2 , n3 , E1 , E2 , E3 ,

U, D, C, S , B, N1 , N2 , N3 , Wp, Wm, Z , A

! Process name important because wr i t t en as parameter in to output
proce s s v1v1xyyx = e l e c t ron , po s i t r on => all_nu_e , all_nu_e ,

al l_uptype , all_downtype ,
all_downtype , al l_uptype

################################
# Beam #
################################

p r i n t f "################################################"
p r i n t f "# Beam s e t t i n g s : "
p r i n t f "# ISR and p o l a r i z a t i o n turned on "
p r i n t f "# − p o l a r i z a t i o n s e t t i n g : "
p r i n t f "# e− e+ : @(−1) , @(+1) "
p r i n t f "# − ISR s e t t i n g : "
p r i n t f "# CIRCE2 , sprectrum f i l e : "
p r i n t f "# ee_Waisty_opt_Jan2012_1000GeV_B1b . c i r c e "
p r i n t f "################################################"

! Beam parameters : com−E, beam i n i t i a l −s t a t e rad ia t i on ,
! beam p o l a r i z a t i o n
s q r t s = 1 TeV
beams = e l e c t ron , po s i t r on => c i r c e 2 => i s r , i s r
beams_pol_density = @(−1) , @(+1)
beams_pol_fraction = 100% , 100%

! S e t t i n g s f o r ISR spectrum
$ c i r c e 2 _ f i l e = " ee_Waisty_opt_Jan2012_1000GeV_B1b . c i r c e "
$c i r ce2_des ign = " 1000GeV_B1b"
? c i r c e 2 _ p o l a r i z e d = f a l s e

? i s r _ r e c o i l = f a l s e
$isr_handler_mode = " r e c o i l "
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! Compile the proce s s i n to a proce s s l i b r a r y
compi le

################################
# Cuts #
################################

p r i n t f "################################################"
p r i n t f "# Cuts : "
p r i n t f "# M_qq_min = 10 GeV"
p r i n t f "# E_q_min = 1 GeV"
p r i n t f "################################################"

! Def ine cut va lue s and s e t cuts
r e a l M_qq_min = 10 GeV
r e a l E_q_min = 1 GeV

cuts =
a l l M > M_qq_min [ all_q , a l l_q ] and
a l l E > E_q_min [ a l l_q ]

################################
# Star t I n t e g r a t i o n #
################################

! vamp2 i s new f a s t e r i n t e g r a t i o n t o o l and nece s sa ry f o r
! p a r a l l e l computing
$integration_method = "vamp2"
! D i f f e r e n t random number generator which a l l ows p a r a l l i z a t i o n
$rng_method = " rng_stream "

! Fixed seed f o r r e p r o d u c i b i l i t y
seed = 814995

! S im i l a r to de fau l t , but more c a l l s
! ( Observed to be much more p r e c i s e that DBD method )
i n t e g r a t e ( v1v1xyyx ) { i t e r a t i o n s = 10:500000 , 3 :1500000}

! Show r e s u l t o f i n t e g r a t i o n
show ( i n t e g r a l ( v1v1xyyx ) )
p r i n t f " I n t e g r a l : %E, Error : %E " ( i n t e g r a l ( v1v1xyyx ) , e r r o r ( v1v1xyyx ) )

################################
# Star t S imulat ion #
################################

p r i n t f "################################################"
p r i n t f "# Simulat ion : "
p r i n t f "# Events c r ea ted accord ing to : "
p r i n t f "# luminos i ty ∗ cros s −s e c t i o n "
p r i n t f "# luminos i ty = 1000 / 1 fbarn "
p r i n t f "# output_f i l e : "
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p r i n t f "# WHIZARD_E1000_v1v1xyyx_eLpR_SSC_2 . l c i o "
p r i n t f "################################################"

! Act ivat ing hadron izat ion , keep a l l p rev ious in fo rmat ion
?keep_remnants = true
?keep_beams = true
? hadron izat ion_act ive = true
sample_split_n_kbytes = 500000

! OPAL tune f o r Pythia :
$ps_PYTHIA_PYGIVE = "MSTJ(39)=15;MSTJ(28)=0; PMAS(25 ,1 )=120 . ;

PMAS(25 ,2)=0.3605E−02; MSTJ(41)=2; MSTU(22)=2000;
PARJ(21)=0.40000 ; PARJ(41)=0.11000 ;
PARJ(42)=0.52000 ; PARJ(81)=0.25000 ;
PARJ(82)=1.90000 ; MSTJ(11)=3; PARJ(54)= −0.03100;
PARJ(55)= −0.00200; PARJ(1)=0.08500 ;
PARJ(3)=0.45000 ; PARJ(4)=0.02500 ;
PARJ(2)=0.31000 ; PARJ(11)=0.60000 ;
PARJ(12)=0.40000 ; PARJ(13)=0.72000 ;
PARJ(14)=0.43000 ; PARJ(15)=0.08000 ;
PARJ(16)=0.08000 ; PARJ(17)=0.17000 ; MSTP(125)=2;
MSTP(3)=1;MSTP(71)=1 "

? ps_fsr_act ive = true
$shower_method = "PYTHIA6"

! Act ivate tau decays −> Use Taola t o o l
? ps_taudec_active = true
! 0=a l l , 1=e , 2=mu, 3=pi , 4=rho , 5=a_1 , . . . .
ps_tauola_dec_mode1 = 3
ps_tauola_dec_mode2 = 3

s imulate ( v1v1xyyx ) {
seed = 814995 + 1
! Give both lumi and minimal number o f events
! −> WHIZARD chooses b igge r one
luminos i ty = 1000 / 1 fbarn
n_events = 10000

$sample = "WHIZARD_E1000_v1v1xyyx_eLpR_SSC_2_events"
sample_format = l c i o

}

l o g i c a l ? i s _ s i g n a l = true

! For re scann ing : Produce s i g n a l samples again only conta in
! i n i t i a l p a r t i c l e s and the 2nu + 4q f i n a l s t a t e
! −> Necessary because Pythia c l a s h e s with rescann ing framework
i f ? i s _ s i g n a l then

s imulate ( v1v1xyyx ) {
seed = 814995 + 1
! Give both lumi and minimal number o f events
! −> WHIZARD chooses b igge r one
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l uminos i ty = 1000 / 1 fbarn
n_events = 10000

$sample = "WHIZARD_E1000_v1v1xyyx_eLpR_SSC_2_basic_events "
sample_format = l c i o

? resonance_his tory = f a l s e
? ps_fsr_act ive = f a l s e
? hadron izat ion_act ive = f a l s e
? ps_taudec_active = f a l s e

}
e n d i f

################################
# Star t Rescanning #
################################

rescan "WHIZARD_E1000_v1v1xyyx_eLpR_SSC_2_basic_events "
( v1v1xyyx ) {

! Enable updating o f matrix element and weight f o r event
?update_sqme = true
? update_weight = true

! Fixed seed f o r r e p r o d u c i b i l i t y
seed = 814995 + 1

! Output should be text f i l e with weights
$sample =

" rescan_output /rescan_FS0max200steps5_FS1max50steps3_kmon_2Don "
sample_format = weight_stream

! A l t e rna t i v e parameter se tups −> here : a l t e r n a t i v e f s va lue s
! Only showing some po in t s to keep example shor t
a l t_setup = {

f s 0 = −200.0
f s 1 = −50.0

} , {
f s 0 = −200.0
f s 1 = 0 .0

} , {
f s 0 = 200 .0
f s 1 = 50 .0

}
}

c lose_out ( $ou t_ f i l e )
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X
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inv
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‖

Figure C.1.: Schematic of a decay of X with an invisible and a visible contribution.

C. Kinematic reconstruction of semi-invisible decays
In processes such as the semi-leptonic decays of heavy quarks part of the momentum
goes to particles not visible to the detector (e.g. neutrinos). A schematic of such a
decay is shown in fig. C.1. Here, the four-momentum of the invisible devay product is
calculated using the visible particle and some assumptions about the initial particle.
The following assumptions are made;

1. The mass of the initial particle mX is known. In practise it could be estimated
from jet tagging information and the visible decay products.

2. The direction of the initial particle is known. In fig. C.1 this corresponds to
knowing the direction of the ‖-axis. It could be inferred by finding the primary
event vertex from all visible particles and the secondary vertex of the decay from
its visible decay products.

3. The mass of the invisible decay products is known. In this thesis, this calculation
is applied to semi-leptonic decays and the mass of the neutrinos can be assumed
to be negligible.

In this calculation, assumption 3 takes the explicit form of

minv = 0 . (C.1)

For the invisible momentum perpendicular to the direction of the initial particle mo-
mentum conservation dictates

pinv,⊥ = −pvis,⊥ . (C.2)

Momentum and energy conservation are necessary to calculate the neutrino momentum
parallel to the direction of the initial particle.

EX =Evis + Einv
(C.1)= Evis + |pinv| (C.3a)

=Evis +
√

p2
inv,‖ − p2

inv,⊥ (C.3b)
(C.2)= Evis +

√
p2

inv,‖ + p2
vis,⊥ (C.3c)
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pX,‖ = | ~pX | =
√

E2
X − m2

X (C.4a)
(C.3c)=

√(
Evis +

√
p2

inv,‖ + p2
vis,⊥

)2
− m2

X (C.4b)
= pinv,‖ + pvis,‖ (C.4c)

()2

=⇒ p2
inv,‖ + 2pinv,‖pvis,‖ + p2

vis,‖ = p2
inv,‖ + p2

vis,⊥ + 2
√

p2
inv,‖ + p2

vis,⊥Evis + E2
vis − m2

X

(C.5a)
=⇒ 2

√
p2

inv,‖ + p2
vis,⊥Evis = 2pinv,‖pvis,‖ − 2p2

vis,⊥ − m2
vis + m2

X (C.5b)

()2

=⇒ 0 =
(
4E2

vis − 4p2
vis,‖

)
p2

inv,‖ + 4pvis,‖
(
2p2

vis,⊥ + m2
vis − m2

X

)
pinv,‖ (C.6a)

+ 4p2
vis,⊥E2

vis −
(
2p2

vis,⊥ + m2
vis − m2

X

)2
(C.6b)

≡ 4D · p2
inv,‖ + 4A · pinv,‖ + B (C.6c)

Here the shortcuts

A = pvis,‖
(
2p2

vis,⊥ + m2
vis − m2

X

)
(C.7a)

B = 4p2
vis,⊥E2

vis −
(
2p2

vis,⊥ + m2
vis − m2

X

)2
(C.7b)

D = E2
vis − p2

vis,‖ (C.7c)

are introduced.
The quadratic equation (C.6) has two solutions.

pinv,‖ = 1
2D

(
−A ±

√
A2 − BD

)
(C.8)

Equations (C.2), (C.1) and (C.8) determine the invisible four-momentum up to two so-
lutions. Which one of these solutions is correct can not be determined from the available
kinematics. Additional information e.g. about the scattering process, the specific decay
or the decay products would be needed to infer the sign in eq. (C.8).
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D. Detailed background rejection efficiencies

Table D.1.: Detailed numbers of SM background events before and after preselec-
tion, selection efficiency and amount that was reconstructed as WW or ZZ. qu and
qd summarize all up-type and down-type quarks (except for t), respectively. l is used
as summary for µ and τ .

Generator level Before cuts After cuts Efficiency Reconstructed in
final state WW region ZZ region
Background events
e−e+quq̄dqdq̄u 54459 27 0.05% 7 2
l−l+quq̄dqdq̄u 6296 229 3.64% 8 13
νν̄quq̄dqdq̄u 10058 3122 31.04% 1458 574
quq̄uνee

+qdq̄u 5956 354 5.95% 134 93
quq̄uνll

+qdq̄u 5334 379 7.10% 30 49
quq̄uquq̄ue−e+ 125 0 0.02% 0 0
quq̄uquq̄ul−l+ 63 2 3.02% 0 0
quq̄uquq̄uνν̄ 244 111 45.37% 22 21
quq̄uquq̄de−ν̄e 5489 248 4.52% 87 70
quq̄uquq̄dl−ν̄l 5333 380 7.12% 33 63
qdq̄dqdq̄de−e+ 141 0 0.03% 0 0
qdq̄dqdq̄dl−l+ 146 6 4.04% 0 0
qdq̄dqdq̄dνν̄ 550 286 52.08% 61 6
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