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"I like to imagine that God has a
giant computer - controlled factory,
which takes Lagrangians as input and
delivers the universe they represent
as output. Usually God’s computer
has no difficulty - when you feed in
the Maxwell Lagrangian, Equation
10.35, for example, it immediately
creates an electromagnetic universe
of interacting electrons, positrons,
and photons. Sometimes it takes a
little longer - the Lagrangian in
Equation 10.105, for instance,
confuses it at first, until it deciphers
the ’hidden’ mass term. And
occasionally it returns an error
message: ’this Lagrangian does not
describe a possible universe; please
check for syntax errors or incorrect
signs’. That’s what it would do for
example, if you fed it the Lagrangian
in Equation 10.108 without the λ
term."

David Griffiths

v





Zusammenfassung

Diese Arbeit präsentiert zwei Analysen des Zerfallskanals H→WW (∗)→ `ν`ν mit den
Daten des ATLAS experiments am LHC. Die analysierten Daten wurden im Jahr 2011
bzw. 2012 bei einer Schwerpunktsenergie von

√
s = 7 TeV bzw. 8 TeV aufgezeichnet und

es wurde eine integrierte Luminosität von 25 fb−1 erreicht. Die beiden Analysen un-
terscheiden sich im analysierten Phasenraum, der von der Massen mH des Higgs boson
Signals abhängt. Die Analyse für MassenmH < 200 GeV wurde über die letzten Jahre op-
timiert, um in der Lage zu sein, eine Präzisions Messung der Kopplungen einer Resonanz
beimH ≈ 125 GeV durchzuführen. Dabei wird ein Likelihood Fit der transversalen Masse
mT =

√
(E``

T + P νν
T )2 − | ~P ``

T + ~P νν
T |2 angewendet. Mit einer statistischen Signifikanz von

6.1σ konnte ein H→WW (∗)→ `ν`ν Signal bei einer Masse mH = 125.36 ± 0.41 GeV
beobachtet werden. Die Messung der Signalstärke, dem Verhältniss von experimentell
bestimmtem Produktionswirkungsquerschnitt mal Verzweigungsverhältnis zur theoretis-
chen Prognose, ergab folgenden Wert:

µ = 1.08 +0.16
+0.15(stat.) +0.16

−0.14(syst.),

was im Einklang mit der Standard-Modell-Vorhersage steht. Die Skalierung der Kop-
plungen des Higgs bosons an Fermionen und Bosonen wurden bestimmt zu:

κF = 0.92 +0.30
−0.23

κV = 1.04 +0.10
−0.11.

Zur Suche nach schweren, Higgs boson artigen Teilchen wurde die Analyse des
H→WW (∗)→ `ν`ν Zerfallskanals für Massen mH > 200 GeV optimiert. Auch im ho-
hen Massenbereich wird ein Likelihood Fit an der Verteilung der transversalen Masse
mT durchgeführt. Es wurden obere Grenzen auf Produktionswirkungsquerschnitt mal
Verzweigungsverhältnis für drei Szenarien bestimmt: Standard-Model-Higgs-Boson im
Massenbereich 200 ≤ mH ≤ 1 TeV, Higgs boson artige Resonanz mit einer Zerfallsbre-
ite von 1 GeV im Massenbereich 200 ≤ mH ≤ 2 TeV und das elektroschwache Singlet
Szenario im Massenbereich 200 ≤ mH ≤ 1 TeV, bei dem die Zerfallsbreite zusätzlich zur
Masse variiert wird. Es konnte in keinem getesteten Szenario ein statistisch signifikan-
ter Datenüberschuss beobachtet werden und darüberhinaus konnte ein Standard Modell
artiges Higgs Boson bis zu einer Masse von mH = 661 GeV ausgeschlossen werden.





Abstract
Two analyses of the decay channel H→WW (∗)→ `ν`ν using the data of the ATLAS
experiment at LHC are presented here. The data was recorded in the years 2011 and
2012 with a center of mass energy of

√
s = 7 TeV and 8 TeV, respectively, with a to-

tal integrated luminosity of 25 fb−1 reached. The two presented analyses differ in the
analyzed phase space, which depends on the mass mH of the analyzed Higgs boson sig-
nal. The analysis for masses mH < 200 GeV is optimized to perform a high precision
measurement of the couplings of the resonance at mH ≈ 125 GeV. A binned likelihood
fit of the transverse mass distribution mT =

√
(E``

T + P νν
T )2 − | ~P ``

T + ~P νν
T |2 is used to

obtain the results. A signal originating from a Standard Model Higgs boson with a mass
mH = 125.36±0.41 GeV has been observed at a statistical significance of 6.1σ. The signal
strength, defined as the ratio of the measured production cross section times branching
ratio over the theoretical prediction, is:

µ = 1.08 +0.16
+0.15(stat.) +0.16

−0.14(syst.),

which is in good agreement with the data and with the Standard Model prediction. The
scaling factors of the couplings of the Higgs boson to fermions and bosons have been
measured as:

κF = 0.92 +0.30
−0.23

κV = 1.04 +0.10
−0.11,

which is also in good agreement with the Standard Model prediction. In order to search
for heavier Higgs like particles, the analysis of H→WW (∗)→ `ν`ν decays is also opti-
mized for masses mH ≥ 200 GeV. As in the analysis optimized for mH < 200 GeV, a
binned likelihood fit of the transverse mass mT is used. Upper limits on the product
of production cross section and branching ratio have been obtained for three scenarios:
Standard Model Higgs boson in the mass range 200 ≤ mH ≤ 1 TeV, a Higgs like particle
with a decay width of 1 GeV in the mass range 200 ≤ mH ≤ 2 TeV and the electroweak
singlet scenario in the mass range 200 ≤ mH ≤ 1 TeV with the decay width being an
additional free parameter. No statistically significant excess of the observed data over
the expectation is observed, and a heavy Standard Model Higgs boson is excluded up to
a mass of mH = 661 GeV.
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1. Introduction

The Higgs boson was the last missing particle of the Standard Model of particle physics
for a long time. In July 2012, both the ATLAS [1] and CMS [2] collaboration reported
about the observation of a new resonance at roughly 125 GeV with a statistical signif-
icance of five standard deviations. Since then, the properties such as spin [3] [4], mass
[5] [6] and the couplings [7] [6] of this resonance have been measured and to this day all
measurements are in good agreement with the prediction of the Standard Model. The
resonance seems to be a scalar particle which couples to the other particles described
by the Standard Model proportional to their masses. The mass of the particle has been
precisely measured to mH = 125.36± 0.41 GeV [5].

The Higgs boson is dominantly produced at hadron colliders via the gluon-gluon fusion
process at which gluons interact via a top-quark loop to produce a resonant Higgs boson.
Furthermore, the Higgs boson can be produced via the fusion of vector bosons which
are predominantly radiated by interacting quarks and in association with a W or a Z
boson. The decay of the Higgs boson in two W bosons which subsequently decay into
a lepton neutrino pair, provides a sensitive experimental signature in order to exploit
its properties. The branching ratio for a Higgs boson with unknown mass to decay into
a W boson pair is the dominant decay channel for Higgs boson masses mH > 140 GeV
hence this decay channel can be used to search for heavier Higgs-like particles.

This thesis focuses on the analysis of the decay channel H→WW (∗)→ `ν`ν with the
ATLAS experiment in order to exploit the couplings of the 125.36 GeV resonance and
to search for heavier Higgs-like particles, which could be utilized to extend the Standard
Model of particle physics. The Standard Model can not be complete since it does not
provide answers to fundamental questions such as the origin of the masses of neutrinos,
the origin and nature of dark matter, the striking mass difference of the elementary
particles, just to mention a few examples. Searching for a second Higgs like particle
and measuring the couplings of the Higgs boson with high precision can help to further
develop and fine tune the theory.

The outline of this work is as follows: in chapter 2 the theoretical framework of particle
physics, known as the Standard Model is introduced briefly. Chapter 3 provides an
overview about the LHC and the functionality of the ATLAS detector. Followed by this,
the datasets used in this thesis are introduced in chapter 4. In chapter 5, the definitions
of the reconstructed physics objects such as electrons, muons, missing transverse energy
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and jets are introduced. In order to separate the H→WW (∗)→ `ν`ν signal process
from various Standard Model background process, cuts on various kinematical variables
are applied. The kinematical variables as well as the selection criteria are presented
in chapter 6. One crucial aspect in the data analysis is a precise understanding and
estimation of the various background processes which can create a detector signature
similar to H→WW (∗)→ `ν`ν events. In chapter 7 those background processes as well as
their data driven estimation is discussed. Systematic uncertainties arising from detector
effects as well as from theoretical calculations are introduced in chapter 8. In order to
perform measurements, a proper statistical treatment of the observed data is crucial.
This statistical procedure is discussed in chapter 9 and in chapter 10 and 11 the results
of it will be presented. The thesis closes with a conclusion and a short outlook in chapter
12.
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Part I.

Theory and Experiment
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2. Theoretical background

This chapter provides a brief overview of the theoretical framework of this thesis. First
of all, the known particle content as well as three fundamental forces will be introduced.
Furthermore, the mechanism of the dynamic electroweak symmetry breaking as well as
the couplings of the Higgs boson are discussed. The proton as a compound state and
the hadronization of quarks resulting from a hard scattering process is introduced and
at the end of the chapter some possible extension of the very successful Standard Model
will be discussed.

2.1. The Standard Model of particle physics

The Standard Model (SM) of particle physics is the theoretical framework which helps us
to understand the interactions between sub-atomic particles. The theory was developed
in the 1960s and 1970s [8], [9], [10], [11], [12] and stands for the theory of particle
physics [13]. It is the result of the interplay between experimental data and mathematical
concepts like group theory, quantum field theory, gauge invariance and the ideas of the
general theory of relativity [14]. The big success of the Standard Model is based on the
fact that it provided a range of predictions (like the Z0-boson, top quark or the Higgs
boson) which have been verified in particle accelerator experiments like LEP, TeVatron
or the LHC.

The language of the Standard Model is the quantum field theory. Similar to classical
mechanics one can describe a system of single or multiple mass points using the Lagrange
density, fields φi(~x, t) are used instead of simple space-time coordinates. The Lagrange
density of a single scalar (spin-0) field can be written as

L = 1
2(∂µφ)(∂µφ)− 1

2m
2φ2 (2.1)

Applying the Euler-Lagrange equations one can obtain the Klein-Gordon equation

∂µ∂
µφ = m2φ (2.2)

6



2.1 The Standard Model of particle physics

which then can be used to obtain the equations of motion for a spin-0 field.

The Standard Model of particles physics provides a modern understanding of the elec-
tromagnetic, weak and strong interactions of all known subatomic particles. The three
interactions are described by the exchange of spin-1 bosons amongst spin-1

2 particles
with a certain coupling strength. The central attribute of the Standard Model (SM) is
the local gauge invariance with respect to the gauge group SU(3)C × SU(2)L × U(1)Y .
The specific gauge bosons associated with the generators of the algebra of the group are
[13]:

SU(3)C → 8Gα
µ with α = 1, ..., 8. The eight massless, spin-1 gluons. The subscript

C indicates the presence of color charges.

SU(2)L → 3W a
µ with a = 1, 2, 3 three spin-1 bosons. The subscript L reflects

that only left handed fermions and right handed anti fermions participate in the
interaction.

U(1)Y → Bµ a spin-1 boson. The subscript Y abbreviates the coupling of the
boson of this part of the gauge group to fermions which carry the so called weak
hypercharge Y as a quantum number [13].

The gravity as the fourth fundamental interaction is not covered by the Standard Model
hence the SM cannot be considered as complete.

Strong force
The strong force is described by the gauge group SU(3)C . The index C indicates that the
interaction of the strong force happens via the coupling to color charged particles where
each color charged fermion has one of the three possible values (red, green or blue).
Those color charged fermions are known as the six massive quarks: u, d, s, c, b and t. The
gluons, which are considered as spin-1 bosons, are assumed to be massless, electrically
neutral and color charged which has been in agreement with all experimental data so
far. They always carry a color and an anti color for example the tuple (red, blue). So far
free quarks have not been observed in nature, they have been only seen in bound, color
neutral states called mesons (one quark and one anti quark) or baryons (three quarks)
which form together the family of hadrons. The strong force keeps the building blocks
of nucleons of everyday atoms together, for example, a proton is a bound state of two
up-quarks u and one down-quark d. Since quarks appear only in bound states, they leave
a special signature in the detector, the so called Jets (see sections 2.3, 3.3.3 & 5.3).

Electroweak force
The gauge group SU(2)L × U(1)Y describes the electroweak force, while the name elec-
troweak is based on the fact that from the theoretical point of view this force is the
unification of the weak and the electromagnetic force. The theory of electroweak inter-
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2.1 The Standard Model of particle physics

actions introduces four bosons as exchange particles. Namely the three massive spin-1
bosons Z0,W− and W+ and one massless spin-1 boson, the photon γ. One naive way of
distinguishing between the electromagnetic and the weak part of the electroweak force is
looking at which charges the exchange bosons couple to. The photon, as the force carrier
of the electromagnetic force, couples to the electric charge qel. whereas the three weak
force carriers couple to the so called weak hypercharge YW . Applying the Gell Mann
Nishijima formula [15], [16] one can calculate YW for each fermion via their electric
charge qel. and the third component of the isospin I3

YW = 2(qel. − I3).

Particles taking part in this interaction are the quark fields introduced earlier and the
leptons fields which both form isospin doublets. The up-type quarks (I3 = +1

2) (u, c, t)
carry an electric charge of +2

3 and the down-type quarks (d, s, b) (I3 = −1
2) carry an

electric charge of −1
3 . The second set of isospin doublets taking part in the electroweak

interactions are the the three leptons and the three neutrinos. The three leptons (I3 =
−1

2) which carry an electric charge of −1 are the electron e, the muon µ and the tauon
τ and the three neutrinos (I3 = +1

2) which are electrically neutral: the electron neutrino
νe, the muon neutrino νµ and the tau neutrino ντ . All of the leptons and neutrinos do
not carry any color charge therefore they do not interact strongly. As mentioned earlier,
only left handed fermions and right handed anti fermions participate in the electroweak
interaction.
Since the physical properties of the fermions differ only by their masses1 one usually
arranges the twelve fermionic quantum fields2 in three generations. Table 2.1 summarizes
all known spin-1

2 particles of the Standard Model. The masses of quarks and leptons are
taken from Ref. [17].

first generation second generation third generation

quarks

m = 2.7+0.7
−0.5 MeV

u

qel. = +2
3e up-quark

m = 1.275± 0.025 GeV
c

qel. = +2
3e charm-quark

m = 173.2± 0.9 GeV
t

qel. = +2
3e top-quark

m = 4.8+0.7
−0.3 MeV

d

qel. = −1
3e down-quark

m = 95± 5 MeV
s

qel. = −1
3e strange-quark

m = 4.18± 0.03 GeV
b

qel. = −1
3e bottom-quark

leptons

m < 2 eV
νe

qel. = 0 electron-neutrino

m < 190 keV
νµ

qel. = 0 muon-neutrino

m < 18.2MeV
ντ

qel. = 0 tau-neutrino
m = 0.511± 11 · 11−9 MeV

e

qel. = −1e electron

m = 105.66± 3.5 · 10−6 MeV
µ

qel. = −1e muon

m = 1776.82± 0.16 MeV
τ

qel. = −1e tauon

Table 2.1.: The Table summarizes all known fermionic particles with a spin of 1
2 . The

upper two rows show the color charged quark fields, the lower two rows show
the color neutral leptons. All those particles are known to be massive.

1For particles with identical charges.
2Actually, there are 6 + 18 = 24 fields. Each quark can carry one of the three color charges.

8



2.1 The Standard Model of particle physics

The mass increases with the generation and can vary by several orders of magnitudes:
mtop-quark
mup-quark

≈ 75·103. As mentioned earlier, forces are mediated by vector (= spin-1) bosons.
The force carrier particles are summarized in Table 2.2. The Higgs boson (the excitation
of the Higgs-background field) is also presented there, which is a scalar particle hence
it is supposed to be a spin-0 boson. The masses of the force carrier particles are taken
from Ref. [17] and the mass of the Higgs boson is taken from Ref. [5]. The Higgs boson
or rather its source will be discussed in the next section.

m < 1 · 10−18 ev
γ

qel. < 1 · 10−35e Photon
m = 91.1876± 0.0021 GeV

Z0

qel. = 0 Z-boson
m = 80.385± 0.0015 GeV

W±

qel. = ±1e W-boson
m = 0

g

qel. = 0 gluon
m = 125.36± 0.41 GeV

H

qel. = 0 Higgs boson
Table 2.2.: In this Table all known force carrier particles are listed together with their

masses and electrical charges. Those particles are bosons with spin-1. Also
the Higgs boson, a spin-0 particle, is presented here and will be discussed in
see section 2.2).

Taking into account the fermionic particle content as well as the discussed forces and
the Brout-Englert-Higgs mechanism (see section 2.2), the full Standard Model Lagrange

9



2.2 The BEH-Mechanism

density can be written as:

L =
∑
j

iq̄jγµ(Dµ − igsGµ)qj −
1
4G

α
µνG

αµν

+
∑
k

iψ̄kγµD
µψk −

1
4W

aµνW a
µν −

1
4B

µνBµν

− (Dµφ)†(Dµφ)− λ[φ†φ− µ2

2λ ]2

−
∑
j

cj q̄jφqj −
∑
k

fkψ̄kφψk,

(2.3)

where the Dirac spinors ψk denote the lepton fields and the Dirac spinors qj the quark
fields. The summation indices j and k stand for the three particle generations. The field
strength tensors Gα

µν represent the gluon fields, the tensors W a
µν and Bµν represent the

electroweak gauge fields. The electroweak interactions between the gauge fields and the
fermion fields are condensed in the covariant derivatives

Dµ = ∂µ − ig
~σ

2
~Wµ − ig′

YW
2 Bµ (2.4)

with the coupling constants gs for the strong interaction and g′ and g for the electroweak
interactions. The scalar field φ in the Lagrange density in eq. (2.3) stands for a complex
scalar doublet known as the Higgs field. It is worth highlighting that in the Standard
Model Lagrange density eq. (2.3) no explicit mass terms appear because the Lagrange
density is required to be gauge invariant under the gauge group SU(3)C × SU(2)L ×
U(1)Y .

2.2. The BEH-Mechanism

The absence of mass terms in the Lagrange density implies that all particles in the
Standard Model are massless which is, however, not supported by the experimental
data. Introducing static mass terms in the Lagrange density, would break the gauge
symmetry explicitly. To solve this issue, a group of theorists (R. Brout, F. Englert
and P. Higgs)3 introduced the idea to create the masses of the elementary particles
dynamically [19], [20]. The main motivation of the BEH mechanism is the generation of

3 Nobel Prize 2013 in physics for F. Englert and P. Higgs: “for the theoretical discovery of a mechanism
that contributes to our understanding of the origin of mass of subatomic particles, and which recently
was confirmed through the discovery of the predicted fundamental particle, by the ATLAS and CMS
experiments at CERN’s Large Hadron Collider“ [18]
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2.2 The BEH-Mechanism

gauge boson masses, later on the mechanism was utilized to give rise to fermion masses
via the introduction of the Yukawa interactions.

One crucial idea of the dynamic symmetry breaking is the introduction of a single com-
plex scalar doublet

φ =
(
φ+

φ0

)
. (2.5)

The ground state of this field can be written in the simplest form as

φ = 1√
2

(
0

v +H(x)

)
. (2.6)

whereH(x) is a real field and v is a real constant which minimizes the potential V (φ†φ) =
λ[φ†φ − µ2

2λ ]2 of the scalar field hence v2 = µ2/λ2. The real field H(x) is also known as
the Higgs boson. Inserting (2.6) in

− (Dµφ)†(Dµφ)− λ[φ†φ− µ2

2λ ]2

−
∑
j

cj q̄jφqj −
∑
k

fkψ̄kφψk,
(2.7)

while using the definiton of Dµ eq. (2.4) and evaluating YW accordingly, gives

LHiggs = −1
2∂µH∂

µH − λv2H2 − λvH3 − λ

4H
2

− 1
8g
′2(v +H)2|W 1

µ − iW 2
µ |2

− 1
8(v +H)2(−g′2v2W 3

µ + gBµ)2

− 1√
2

(
∑
j

cj q̄j(v +H)qj)

− 1√
2

(
∑
k

fkψ̄k(v +H)ψk)

(2.8)

from which the mass terms of the bosons can be identified directly. For the spin-1 bosons
the relevant term is

−1
8g
′2v2|W 1

µ − iW 2
µ |2 −

1
8v

2(−g′W 3
µ + gBµ)2. (2.9)

Keeping in mind that the W±-boson is a super position of the gauge fields W 1
µ and W 2

µ ,
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2.2 The BEH-Mechanism

namely W±
µ = 1√

2(W 1
µ ∓ iW 2

µ), the mass of the W -boson can be identified to be

MW+ = MW− = g′v

2
(2.10)

Like the W -boson also the Z-boson is a combination of the gauge fields of the SU(2)L×
U(1)Y group. It can be written as Zµ = −gBµ+g′W 3

µ√
g2+g′2

= W 3
µ cos θW − Bµ sin θW with the

usual definition of the weak-mixing-angle cos θW = g′√
g2+g′2

and sin θW = g√
g2+g′2

. The
mass of the Z-boson can then be read as

M2
Z = 1

4(g2 + g′2)v2. (2.11)

Moreover, the photon is a combination of the SU(2)L × U(1)Y group namely Aµ =
W 3
µ sin θW +Bµ cos θW . No such term is present in eq. (2.8) hence the photon is a massless

particle which is in agreement with the experimental data (see Table 2.2). The same
argumentation holds for the eight gluon fields. The only spin-0 boson in the SM is the
Higgs boson. Comparing (2.8) with the standard form of a mass term −1

2m
2
HH

2 gives

m2
H = 2λv2 = 2µ2. (2.12)

The full derivation of the fermion masses is beyond the scope of this thesis hence only
the results will be discussed. The last two terms in eq. (2.8) have to be decomposed
in particles with weak isospin +1/2 (e.g. up-type quarks and neutrino-like leptons) and
−1/2 (e.g. down-type quarks and electron-like leptons). For the fermions one can find
that the mass terms are

mup-type quarks
i = 1√

2
giv

mdown-type quarks
i = 1√

2
hiv

mneutrino-like
i = 0

melectron-like
i = 1√

2
fiv

(2.13)

where for each particle mass an individual Yukawa parameter gi, fi or hi is needed.
The index i runs over the three particle generations. It is worth emphasizing that for
neutrinos the Yukawa coupling is conventionally set to zero.
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2.3 Interactions in the SM

2.3. Interactions in the SM

In the Standard Model Lagrangian or rather in equation (2.8) there are terms which
describe the coupling of the Higgs boson with the spin-1 W± and Z bosons:

L = −1
8g
′2(2vH +H2)|W 1

µ − iW 2
µ | −

1
8(2vH +H2)(−g′W 3

µ + gBµ)2

= −(H
v

+ H2

2v )(2M2
W±W

+
µ W

−µ +M2
ZZµZ

µ),
(2.14)

with the term 2M2
W±
v

HW+
µ W

−µ being the most interesting one in this thesis. It describes
the coupling or the decay of a Standard Model Higgs boson into two W -bosons. As long
as mH < 2MW± one of the two W -bosons is an off-shell (virtual) particle, whereas for
masses mH > 2MW± the twoW -bosons are on-shell and the extra energy from the Higgs
boson mass is propagated to the two W -bosons in the form of kinetic energy. The W -
boson can decay into a lepton-neutrino pair with a probability of roughly 32.40± 0.18%
or a quark-anti-quark pair which happens in roughly 67.60± 0.27% of the cases [17]. In
this thesis only events are analyzed where the Higgs boson decays into two W -bosons
which then both decay into a lepton-neutrino pair. In Figure 2.1 the Feynman diagram
for such H→WW (∗)→ `ν`ν decays is shown.

�H `+

ν

W+

W−

ν

`−

Figure 2.1.: Higgs boson decaying into two W -bosons which both decay leptonically.

The possible decays of the Standard Model Higgs boson depend on its mass mH . Figure
2.2 shows the branching ratio for the Standard Model Higgs boson for the mass-range
80 GeV ≤ mH ≤ 1 TeV. Owing to the fact that the mass of the Standard Model Higgs
boson is measured to be 125.36 ± 0.41 GeV, the actual branching ratio of this particle
is known. One part of this thesis is the search for additional Higgs-like bosons (see
section 2.4) which are assumed to have a similar branching ratio distribution as for the
Standard Model Higgs. The decay into two W -bosons is the dominant mode for masses
above mH & 140 GeV and is therefore well suited to analyze the decays of very heavy
Higgs(-like)-bosons.
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Figure 2.2.: Branching ratio of the Standard Model Higgs boson depending on its mass
mH [21].

The Higgs boson couples only to massive particles like fermions (not neutrinos) and W±

and Z bosons. In a proton-proton collider like the LHC it can therefore be produced
via the fusion of two gluons in a quark loop (ggF), the fusion of two massive vector
bosons which are radiated from quarks (VBF), in association with a massive vector
boson4 (WH or ZH) or via the annihilation of two top-quarks originating from the
decay of two gluons (ttH). In Figure 2.3 the Feynman diagrams of those four production
mechanisms are shown.

4Also known as Higgs-Strahlung.
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�g
g

q

H

(a) The gluon-fusion production
mode: ggF

�q
q

q′

W±/Z

q′

W∓/Z H

(b) The vector boson fusion pro-
cess: VBF.

�qq
W/Z

W/Z

H

(c) The production of a Higgs bo-
son in association with a W or
Z-boson: WH or ZH.

�g
g

t
t

t

t
H

(d) The production of a Higgs
boson from the annihilation
of two top quarks originating
from the decay of two gluons:
ttH.

Figure 2.3.: Feynman diagrams of the production mechanisms of the Standard Model
Higgs boson at a hadron-hadron collider such as the LHC.

The production mechanism changes the particle content in the final state. In this thesis
only the ggF and VBF production play an important role. Those two modes are the
dominant production mechanisms in the analyzed mass-range of mH . Figure 2.4 shows
the cross section of the production mechanism depending on the mass of the Higgs boson
for a center of mass energy

√
s = 8 TeV.
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Figure 2.4.: Production cross section of the Standard Model Higgs boson depending on
its mass mH at a center of mass energy

√
s = 8 TeV. The colored bands

around the theory curves show the uncertainty arising from the theoretical
calculations on the cross-section. The uncertainty of the ggF production
mode (blue area) is one of the leading uncertainties in the measurement
of the couplings of a Standard Model Higgs bosons with a mass mH =
125.36± 0.41 GeV (see chapter 8) [21].

Background processes
Besides the coupling of the Higgs boson to the other particles in the Standard Model, also
couplings between the gauge bosons and fermions play an important role for the analysis
of H→WW (∗)→ `ν`ν events. Each process producing two leptons and two neutrinos in
the final state is interesting in the analysis of H→WW (∗)→ `ν`ν events. One set of
processes which can produce such a final state is the production of two W -bosons which
can originate from a quark-anti-quark initial state or from a gluon-gluon initial state.
The Feynman diagrams of those processes are shown in Figure 2.5.

�q q

W

q W

(a)
�qq

Z W

W

(b)
�g

g

W

W

(c)

Figure 2.5.: WW production at the LHC via the modes qq → WW and gg → WW .
The presented diagrams only show the dominant contributions.

Other processes where two leptons and neutrinos are produced can also enter the anal-
ysis. In Figure 2.6 the Feynman diagram of a top-anti-top pair decay as well as a single
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2.3 Interactions in the SM

top decay in association with a W -boson is presented as further examples of background
processes in the analysis of H→WW (∗)→ `ν`ν decays. Further backgrounds relevant
for the analysis of H→WW (∗)→ `ν`ν events will be discussed in chapter 7.

	q
bq

g

t

W
b

t

W

(a) top-anti-top pair production and decay

q

g

t

W

b

W

(b) single top production and decay

Figure 2.6.: Feynman diagrams for the production and decay of a top-anti-top pair and
for a single top.

In a proton-proton collider the probability of a certain inital state to be present (in
the example of Figure 2.5 qq or gg) depends on the center of mass energy. The proton
is a composite object which means each parton of the proton carries a fraction of the
proton momentum specified by the Bjorken scale variable x = pparton

pproton
. The partons of the

proton can be a valence quark (two u-quarks, one d-quark), a sea-quark or a gluon. The
sea quarks of the proton are the result of QCD pair production inside the proton. The
momentum fractions of the partons change with increasing energy which is illustrated
in Figure 2.7. With augmenting energy the fractions of gluons and sea-quarks increase
while the fractions of the valence quarks decrease.
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(c) Q2 = 100000 GeV2

Figure 2.7.: Parton distribution functions for the proton as a function of the Bjorken
variable x. The PDFs are shown for three different scales Q2 = 10 GeV2,
Q2 = 1000 GeV2 and Q2 = 100000 GeV2. No uncertainties on the parton
fractions are plotted in the distributions. The data in the plots is taken
from the CTEQ10 PDF set as published on the hepdata homepage [22].
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2.3 Interactions in the SM

Hadronization
As mentioned earlier quarks do not appear as single particles in nature. They are only
present in color neutral bound states called hadrons. The formation process of those
colorless objects from color charged particles is called hadronization. If two quarks are
formed as the result of a hard scattering process as indicated in Figure 2.8, the energy
density between those two quarks increases as they drift apart. The cause of this is that
the strong potential is proportional to the distance between two color charged particles
(quarks). The quarks are accompanied by gluon and photon emission. Those emission
processes are implemented as perturbative corrections in the theoretical treatment which
can be approximated by the parton shower approach. The showering of two (or more)
quarks originating from a hard or soft scattering process is stopped, once a fixed energy
scale is reached. The gluons and the photons in these showering processes can convert into
quark-anti-quark pairs from which the bound color neutral states can then be formed.

Figure 2.8.: Two quarks from protons scatter hard and produce a Z boson which decays
again into a quark-anti-quark pair. The two quarks as the result of the hard
scattering process decay into color-neutral hadrons. The process of the two
quarks decaying into color neutral hadrons is called hadronization.
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2.4 Possible extensions of the SM with further Higgs-like bosons

2.4. Possible extensions of the SM with further
Higgs-like bosons

The discovery of the Higgs boson by the ATLAS [1] and CMS [2] collaboration com-
pletes the particle spectrum of the Standard Model of particle physics. Up to this day,
measurements of the properties of the Higgs boson like resonance at around 125 GeV
are in full agreement with the theoretical predictions. But those measurements do not
establish the particle as the only Higgs boson. A possible extension of the Standard
Model with an extended Higgs sector remains possible. The analysis presented in this
thesis is used to test three different scenarios.

Standard Model Higgs boson
In the first scenario, no assumption about the resonance at≈ 125 GeV are made hence the
search for a Standard Model Higgs boson is performed over the full accessible mass range
up to 1 TeV. The search for a Standard Model Higgs boson is in this thesis abbreviated
as the Standard Model like (or shortened SM-like) scenario. The decay width of the
Standard Model Higgs boson increases with the mass which is shown in Figure 2.9.
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Figure 2.9.: Width of the Higgs boson ΓH as a function of its mass [21].

Due to the very large width of the Higgs boson at high masses the interference between
the non-resonant gg → WW background (see Figure 2.5c) and the Higgs signal is a non
negligible effect for masses mH ≥ 400 GeV.
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2.4 Possible extensions of the SM with further Higgs-like bosons

Narrow width approximation
A different approach in the search for further Higgs-like bosons is the narrow width ap-
proximation (NWA). For the NWA scenario the width of the hypothetical heavy Higgs
boson is fixed to 1 GeV and its line shape is treated as a Breit-Wigner over the full mass
range. Within the scope of this thesis the search for a NWA scenario is a model inde-
pendent search. Such a heavy Higgs boson, however, can find implementation in super
symmetry (SUSY) models like the minimal supersymmetric Standard Model (MSSM)
[23]. For the NWA signal the interference with the non-resonantWW background is neg-
ligible. A NWA Higgs signal is searched in the mass range 200 GeV ≤ mH ≤ 2 TeV.

Electroweak singlet
The simplest model incorporating the SM Higgs boson sector as well as an additional
Higgs-like particle is called the “125 GeV Higgs + a real electroweak singlet” (EWS)
model [24]. The additional electroweak singlet mixes to the SM Higgs doublet field in
order to complete the unitarization ofWW scattering at high energies [25],[26],[27]. The
singlet field also acquires a non-vanishing vacuum expectation value, which means an
additional neutral resonance is added to the particle content of the SM. The process
of dynamically breaking the SU(2)L × U(1)Y group gives rise to two CP-even Higgs
bosons, the resonance at 125GeV, denoted as H and a heavier resonance denoted as h.
It is assumed that the couplings of the SM Higgs H and those of the additional EWS
Higgs h scale with respect to the couplings of the SM Higgs by common scaling factors
κ and κ′ for H and h, respectively. From unitarity follows that

κ2 + κ′ 2 = 1. (2.15)

The limit κ′ → 0 corresponds to the SM-only case. In the further analysis it is assumed
that the decay modes of H and h are identical. The production cross section and the
decay rates of H are modified according to:

σH = κ2 × σH,SM

ΓH = κ2 × ΓH,SM

BRH,i = BRH,SM,i.

(2.16)

The index i stands for the different decay modes. The heavier Higgs h can have additional
decay modes like h→ HH. The production cross section and the decay rates are modified
with respect to those of a SM Higgs with a mass mH equal to the mass of the EWS
Higgs mh.

σh = κ′ 2 × σH,SM

Γh = κ′ 2

1− BRh,new
× ΓH,SM

BRh,new,i = (1− BRh,new)× BRH,SM,i

(2.17)
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where BRh,new denotes all additional decay modes. It is assumed that the event kine-
matics of the EWS Higgs are similar to those of the SM Higgs. The EWS model is used
as a benchmark to search for physics beyond the Standard Model where the width of
h (see eq. (2.17)) can be larger or smaller than the width of the SM Higgs. A scan of
the plane mh vs. Γh is performed where the mass range between 200 GeV and 1 TeV is
explored and the width Γh is varied from 0.2×ΓH to 1.0×ΓH with a step size of 0.25.

5The NWA scenario can be seen as the lower extreme case in the sense of low width in the EWS model.
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3. The ATLAS experiment & The
LHC

The LHC is a hadron collider located at CERN and it is the largest particle accelerator
worldwide. It is designed to reach a center of mass energy of

√
s = 14 TeV while the

datasets used in this thesis were recorded with
√
s = 7 TeV and

√
s = 8 TeV. The

following chapter summarizes the functionality of the large hadron collider LHC and
the ATLAS detector. The ATLAS experiment is one of four experiments located at the
interaction points of the two beams in the LHC. The four experiments are: CMS, ATLAS,
ALICE and LHCb. CMS and ATLAS are multipurpose detectors whereas ALICE and
LHCb are designed to analyze specific physics processes. The goals of the CMS and
ATLAS experiment is to perform high-precision measurements of the Standard Model
and to search for signatures of new physics at the TeV scale. The ALICE experiment
studies the properties of the quark-gluon plasma [28] and LCHb is a dedicated b-physics
precision experiment. In order to exploring the properties of the quark-gluon plasma
with ALICE, heavy ions such as lead get injected in the LHC. In LHCb very rare decays
of charm and beauty-flavored hadrons as well as CP-violating observables are analyzed
[29].

3.1. The Large Hadron Collider

The LHC at CERN it the biggest particle storage ring with a circumference of 27 km. It
is on average 100 m below the ground, located in an area near the Swiss city Geneva. The
protons entering LHC get accelerated via a complex system of pre-accelerators located
at CERN, see Figure 3.2. They start at a linear accelerator LINAC with an energy of
50 MeV and getting then subsequently accelerated via a group of circular accelerators
to 1.4 GeV, 25 GeV and finally 450 GeV [30]. In the LHC the protons get accelerated
to the center of mass energy

√
s required by the experiments which was

√
s = 7 TeV

in 2011,
√
s = 8 TeV in 2012 and is planned to be

√
s = 13 TeV in 2015 and finally√

s = 14 TeV (the design energy of the LHC) in 2016 or 2017.

The protons in the LHC are injected as bunch of particles containing about ≈ 1.5 · 1011

protons. Those bunches are squeezed down to about 64µm in diameter and about 8 cm in
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3.2 The ATLAS detector

Figure 3.1.: The CERN accelerator complex [31].

length at the interaction points in the experiments. In 2012 the bunch spacing was set to
50 ns leading to a brunch-crossing rate of 20MHz. In order to guide the proton bunches
their way around the LHC, superconducting dipole magnets are installed around the
LHC ring. The proton beams are focused using superconducting quadrapole magnets.
The magnetic field strength in each of those magnets is up to 8.5T which is achieved
via strong electrical currents. Those strong currents are transported via superconducting
cables which are cooled down to a temperature of roughly 1.9K (or −271.3 ◦C) [32].

3.2. The ATLAS detector

The ATLAS1 experiment at the LHC (see Figure 3.2) is designed to search for new
physics beyond the SM as well as to perform high-precision measurements of the Stan-

1A Torodial LHC ApparatuS
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dard Modell. The detector is constructed in four radial-symmetric layers around the
beam axis or rather around the interaction point within ATLAS. It can be divided into
four segments:

1. Inner detector and tracker

2. Electromagnetic calorimeters

3. Hadronic calorimeters

4. Muon spectrometer.

The full detector is about 25m in height and about 44m in length.

ATLAS coordinate system
The origin of the ATLAS coordinate system is located at the interaction point in the
center of the detector. The xy−plane is perpendicular to the proton beam, the x-axis
points to the center of the LHC ring and the y-axis points into the opposite direction
of the gravitational field of the earth hence upwards. The z-axis points in the direction
of the proton beam where the positive z direction is determined via the requirement to
have a right handed coordinate system. Due to the cylindric form of ATLAS, cylindric
coordinates are used where the azimuthal angle φ is measured in the xy-plane2 and the
spherical angle θ is measured relatively to the z-axis. The angle θ is used to define the
pseudorapidity:

η = − ln(tan θ2) (3.1)

which allows to divide the sub-detectors of ATLAS in so called end-cap segments and
barrel segments where each sub-detector has a different coverage in |η|.

2φ = 0 corresponds to the positive x-axis.
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3.2 The ATLAS detector

Figure 3.2.: The ATLAS detector at the LHC.

During the data taking two magnetic fields are present in the ATLAS detector. The inner
detector is built-in within a solenoid coil which produces a magnetic field of roughly 2T
and the muon spectrometer of ATLAS is within a toroidal magnetic field produced by
8 superconducting coils. The toroidal field strength is about 0.5T [33], [34].

3.2.1. Inner Detector

The inner detector (ID) of ATLAS (see Figure 3.3) has a cylindrical form with a length
of 7m and a diameter of 2.3m. It is the detector which is closest to the interaction point
hence it receives the most hard radiation. As mentioned earlier the ID is located within
a 2T solenoidal magnetic field. Due to the magnetic field the trajectories of charged
particles get bent proportional to the particle momentum. One of the main tasks of the
ID is to measure the tracks of charged particles and consequently the particle momentum.
The transverse momentum resolution in the inner detector for charged particles is ∆pT

pT
=

0.0004 · pT ⊕ 0.02 (pT in GeV) [33], [34].
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Figure 3.3.: The inner detector of the ATLAS experiment.

The inner detector is constructed of three segments:

Pixel detector

The pixel detector consists of 2100 silicon sensor modules arranged in three layers.
Each module is 62.4 mm long and 21.4 mm wide. The coverage of each module is
24×160 pixels with a pixel size of 50×400µm. The main task of the pixel detector
is the reconstruction of secondary vertices and related to this the b-tagging of jets
[33], [34].

Semi conductor Tracker (SCT)

The SCT is built of eight layers of PIN silicon micro-strip detectors where the
tracks of particles are reconstructed with high-precision. The resolution is 17µm
in the R− φ plane and 580µm in the z-direction [33], [34].
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Transition radiation tracker (TRT)

The TRT is built of radiators and straw tubes. The straw-tubes are drift tubes
with a diameter of 4 mm, made from wound Kapton and reinforced with thin
carbon fibres. In the center of each straw-tube a gold-plated tungsten wire with a
diameter of 31µm is located and the straw-tubes are filled with a gas mixture of
70 % Xe, 20 % CO2 and 10 % CF4. The particles drifting through the TRT pass
through materials with alternating optical density which cause a charged particle
to emit photons once it passes through the boundary between two layers with
different optical density. Those photons ionize the gas in the straw-tubes where
the amount of free charges of the ionization process is measured which helps to
determine the type of particle passing through the TRT. Furthermore, the tracks
of charged particles get measured [33], [34].

3.2.2. Electromagnetic Calorimeter

Calorimeters are used to measure the energy of single particles. The electromagnetic
(EM) calorimeter is divided into a barrel and an end-cap segment. It consists of Kapton
electrodes and absorber plates made of iron and lead. In order to maximize the fiducial
volume of the calorimeter, the segments are arranged in a so called accordion structure
in which liquid Argon is injected between the electrodes and the absorbers. If a high-
energetic particle passes through the calorimeter it interacts with the absorber plates,
creating a shower of low-energetic particles such as electrons, positrons or photons.
The shower of low-energetic particles ionizes the liquid Argon and the produced free
charges are measured at the Kapton electrodes. The amount of measured charge is
proportional to the energy of the high-energetic particles entering the calorimeter. The
energy resolution of the electromagnetic calorimeter is ∆E/E = 0.115/

√
E ⊕ 0.005 (E

in GeV), the coverage of the EM barrel calorimeter is |η| < 1.52 and the EM calorimeter
in the end-caps have a coverage of 1.375 < |η| < 3.2 [33], [34].

3.2.3. Hadronic Calorimeter

The hadronic calorimeter is used to measure the energy of hadrons such as π-mesons,
neutrons or protons. The energy resolution of the hadronic calorimeters is ∆E/E =
0.50/

√
E ⊕ 0.3. It is divided into three areas:

• The tile calorimeter is built of scintillator and absorber plates made of steel. It
covers the region |η| < 1.7. Like in the electromagnetic calorimeter, particles pass-
ing through the calorimeter interact with the absorber plates and produce a shower
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of low-energetic particles. Those particles produce photons in the scintillator plates
which are transported via wavelength-shifting fibers to photon multipliers where
the total photon energy is measured [33], [34].

• The liquid Argon calorimeters in the forward and end-cap region of AT-
LAS have a functionality very similar to the electromagnetic calorimeter. The
end-cap calorimeter covers the region 1.5 < |η| < 3.2 and the forward calorimeter
has a coverage of 3.1 < |η| < 4.9 [33], [34].

In Figure 3.4 a detailed illustration of the ATLAS calorimeter system is presented.

Figure 3.4.: The calorimeters of the ATLAS detector.

3.2.4. Muon Spectrometer

The largest component of the ATLAS detector is the muon spectrometer with an inner
radius of about 5m and an outer radius of about 11m. At the energy scale present in
the ATLAS detectors, muons are minimal ionizing particles, hence they pass through
the whole ATLAS detector. The muon spectrometer is therefore the outermost part of
ATLAS. As mentioned earlier the muon spectrometer is within the toroidal magnetic
field of the ATLAS detector which causes the muon trajectories to bend. Like in the
ID the tracks of the particles get measured in the muon spectrometer and consequently
the curvature of the particle which is proportional to the particle momentum. The spec-
trometer is assembled from four different types of muon chambers: monitored drift tubes
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(MDT), resistive plate chambers (RPC), thin gab chambers (TGC) and cathode strip
chambers (CSC). The structure of the muon spectrometer is shown in Figure 3.6 [33],
[34].

Figure 3.5.: Structure of the ATLAS muon spectrometer.

The RPCs and TGCs main task is triggering as well as measuring the muon coordinates
orthogonal to the MDTs and CSCs while the MDTs and CSCs are used to measure the
tracks of the muons with high precision [34]. The momentum resolution of the muon
spectrometer as a function of the muon transverse momentum is presented in Figure
3.6.

29



3.3 Object reconstruction

Figure 3.6.: Momentum resolution for muons with |η| < 1.5. The different constituents
of the resolution are shown.

3.3. Object reconstruction

The information obtained from the measurements of the individual segments of the AT-
LAS detector get combined to reconstruct physical objects which are photons, electrons,
muons, taus, jets and missing transverse energy. In the following the object reconstruc-
tion procedure of the objects which are of interest for the H→WW (∗)→ `ν`ν analysis
will be introduced briefly.

3.3.1. Electron reconstruction

Electrons get reconstructed via three different reconstruction algorithms depending on
the electron energy and pseudorapidity η. For the reconstruction of high energetic elec-
trons, in a first step, clusters of calorimeter cells in the EM calorimeter are formed. The
threshold for an EM cluster to be considered is 3GeV and the cluster building efficiency
is 95 % for electrons with ET = 7GeV, 99 % for ET = 15GeV and 99.9 % for an electron
ET = 45GeV [35]. A cluster corresponds to a region in the η× φ plane hence it is a col-
lection of calorimeter cells. Once the EM cluster is defined, the reconstruction software
tests if at least one track of the inner detector points toward a EM cluster in a given
η×φ region. If the latter is not the case and no track can be fitted to an EM cluster, it is
very likely that the energy deposit in the EM calorimeter is from an uncharged particle,
for example a photon. In the case of low energetic electrons the reconstruction algorithm
works the other way around. Tracks from the inner detector get extrapolated into the
EM calorimeter and consequently a cluster of energy deposits in the EM calorimeter is
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3.3 Object reconstruction

formed around the extrapolated track. It is then checked whether the integrated energy
is above a certain threshold. The reconstruction of high- and low-energetic electrons is
limited to |η| < 2.5 due to the dimension of the inner detector. For electrons in the
forward region (2.5 < |η| < 4.9) of the ATLAS detector only the information of the
EM calorimeter is used. Depending on the geometry (e.g. shower width) of the clustered
energy deposit, the track quality (e.g. number of hits in the ID), the energy deposit in
the hadronic calorimeter and the quality of the track extrapolation, the reconstructed
electrons are categorized into different sets of quality criteria. Those quality criteria are
then used in the later analysis of the ATLAS data (see section 5.1) [36].

3.3.2. Muon reconstruction

The reconstruction of muon tracks is achieved using the four different types of muon
chambers in the spectrometer and the tracking information of the inner detector, while
precision measurements of muon tracks in the largest part of the η-region are performed
executed by the MDTs. The principle of the muon track reconstruction in the MDTs
will be discussed briefly. The MDT chambers consist of two multilayer of drift tubes
which are filled with a gas mixture of argon and carbon dioxide. In the center of a drift
tube sits a tungsten-rhenium wire which is on high voltage and forms the anode while
the grounded cylindric tube forms the cathode. A muon passing through the drift tubes
ionizes the gas and the resulting free electrons get accelerated towards the wire in the
center of the drift tube. Due to the high-voltage in the drift tube, the electrons ionize
further gas atoms and create an avalanche of free electron ion pairs. The amount of
free charges measured is proportional to the distance between the wire in the center
of the drift tube and track of the muon passing through the drift tube. In each drift
tube the distance of the muon track from the central wire is reconstructed as a radius.
Since the MDTs are constructed of at least two multilayers of drift tubes, the muon
track can be reconstructed using the measured drift radii in each drift tube. Like for
the electron reconstruction also the muon reconstruction makes use of three different
algorithms which are: Standalone muons, combined muons and tagged muons [37]. In
the following they will be discussed shortly.

Standalone muons:

As the name “standalone” already indicates, for this type of muon reconstruction
only one part of the detector is used. The information used is obtained from the
muon spectrometer exclusively where the muon track is extrapolated to the in-
teraction point in order to determine impact parameters. The energy loss of the
muon in the calorimeters is incorporated in the extrapolation [37].

Combined muons:
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For combined muons, both the information from the ID and from the muons spec-
trometer are used. A track measured in the muon spectrometer is fitted to a suitable
track measured in the ID [37].

Tagged muons:

Tagged muons are similar to combined muons, with the main difference being in
the fit direction. For tagged muons the track from the ID is extrapolated to the
muon spectrometer. If a track measured in the muon spectrometer is in accordance
with the extrapolated ID track, a muon is identified [37].

3.3.3. Jet reconstruction

Color charged particles hadronize (see section 2.3) into color neutral mesons or baryons.
The hadronization of color charged particles leads to the fact that a color charged particle
originating from a hard scattering process is reconstructed as a so called jet. A jet
is the collection of color neutral compound states originating from the hadronization
of the color charged particle. In the later described H→WW (∗)→ `ν`ν analysis, the
anti-kt algorithm is used to reconstruct those particle jets. The algorithm evaluates the
resolution variable dkB, which is the distance in momentum-space between an object
k and the beam jet B, i.e. proton remanent and the variable dkl as the distance in
momentum-space between an object k and and object l:

dkB = p−2
Tk, dkl = min(p−2

Tk, p
−2
Tl )×

∆R2
kl

R2

with ∆R2
kl = (ηk − ηl)2 + (φk − φl)2.

(3.2)

In this work, the distance parameter R is set to 0.4. The objects k and l are energy de-
posits above a certain noise threshold in combined topological clusters of the calorimeters
of the ATLAS detector. The algorithm determines the minimum of all dkB and dkl. If
the minimal value is the distance between two objects dkl, the two objects k and l are
merged together. If otherwise dkB is minimal, the object k is considered as a jet and is
removed from the list of objects considered in the iterative determination of the mini-
mum min(dkB, dkl). One advantage of the anti-kt algorithm is its infrared as well as its
collinear safeness [38], [39] ,[40].

3.3.4. Missing transverse energy

In a hypothetically perfect particle detector all energies and momenta of all objects,
present in a given event, can be measured. Since ATLAS is a real detector, not all
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objects can be reconstructed. For example, it is not practicable to measure the energy
and momenta of neutrinos and particles which are not covered by the Standard Model
may also interact in a way which is not noticeable by the sub-detectors of ATLAS. Owing
to this fact a quantity called missing transverse energy��Emiss

T is defined reflecting all not-
measurable particles and objects. The ��Emiss

T is calculated from the measurements of all
transverse momenta and energies deposits of all objects (electrons, muons, photons, jets,
etc.) present in a given event. The vectorial sum of all measured transverse momenta
and ��Emiss

T should be equal to zero which reflects energy and momentum conservation in
the transverse plane [17]:

��E
miss
T = | −

∑
~p reconstructed objects

T |. (3.3)

In the reconstruction of the missing transverse energy, all visible particles are included
hence all detector parts of ATLAS are relevant. For energy deposits and particle tracks
which are not assigned to any reconstructed physics objects, a soft term is added to the
��Emiss

T definition. In order to not include detector noise in the ��Emiss
T calculation a certain

minimal energy threshold is required. The vectorial sum of the transverse momenta of
all reconstructed objects can be either determined from the calorimeter information,
the track information or the combination of both detector parts. In the analysis of
H→WW (∗)→ `ν`ν decays the only expected electrically neutral particles from the signal
process are the neutrinos. The two leptons are electrically charged particles and leave a
track in the ID of ATLAS hence for the ��Emiss

T reconstruction only the track information
of the physical objects can be used.

3.4. Trigger and Data Acquisition

During the data taking in 2012 the bunch crossing rate was roughly 20 million per second
and on average about 20 interaction per bunch crossing happened. Each bunch crossing
corresponds to an event detectable by ATLAS with a data volume of about 1.5 MB. It
is not possible to store this enormous data stream efficiently onto hard disks, tape or
any other commercial data storage device. Due to this large data stream, ATLAS uses
a three-layered trigger system to filter physically interesting events. The functionality of
the trigger system will be briefly introduced in the following.

• Level 1 trigger (L1)

The first trigger level is a hardware based trigger system which makes use of the
deposits in the calorimeters and the measurements of the RPCs (barrel) and TGCs
(end-caps). The RPCs and TGCs fire if the measured momentum is greater than a
certain threshold. The deposits in the calorimeters are combined with a granularity
of ∆η × ∆φ = 0.1 × 0.1 in so called calorimeter towers. If the integrated energy
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in such a calorimeter tower or in the RPCs and TGCS is greater than a certain
threshold, a region of interest (RoI) is defined which is consequently passed to
the next trigger level. The level 1 trigger reduces the event rate to a maximum of
75 kHz [33], [34].

• Level 2 trigger (L2)

The L2 trigger is a software based trigger. The selection algorithms are imple-
mented in a server cluster with roughly 500 quad-core CPUs. The information of
the detector parts within a window around the RoI, defined in the L1, are analyzed
to reach a decision if an event contains interesting physical objects or not while
the information of the ID is incorporated in the L2. The level 2 trigger reduces the
event rate to a maximum of 1 kHz [33], [34].

• Event filter trigger (EF)

The final trigger stage is the software based event filter trigger. The EF algorithms
are installed in a server cluster with roughly 1800 Quad-Core CPUs. In the EF
the first particle trajectories and objects get reconstructed to reach a decision if
an event is of interest for a further, detailed analysis. An event passing through
the event filter selection, gets stored onto tape. The maximum event output rate
of the EF is roughly 600Hz [33], [34].

With the output rate of roughly 600Hz the amount of data produced by ATLAS in
one year is on the order of a petabyte (=1015 byte). To handle such large data volumes
a powerful computing environment is necessary: The worldwide LHC computing grid
(WLCG) [41]. The raw data of ATLAS is processed in a computing center called “tier-
0” located at CERN at which all physical objects present in an event get reconstructed
and the data is reprocessed into different file types. The reprocessed data (as well as
the Monte Carlo simulations, see chapter 4) is distributed to eleven large computing
centers around the globe called “tier-1”s where the data is further reprocessed. From the
“tier-1”s the datasets are further distributed to more than 160 “tier-2”s and “tier-3”s.

3.4.1. Measurement of Trigger efficiencies

The author has been involved in the measurement of the efficiency of event filter single
electron triggers with an electron ET threshold of 12 GeV[42]. In the following, the data
driven Tag&Probe method will be introduced and the obtained results of the trigger
efficiency measurement will be presented.

The Tag&Probe method:
For the measurement of a single electron trigger efficiency Z → ee events can be used
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which have the advantage that all particles in the final state can be reconstructed. One of
the reconstructed electrons is selected by a single trigger signature and is used as a refer-
ence (the tag) while the other electron in the final state is used to compute the efficiency
(the probe) of the trigger signature in question. The well known Z boson resonance is
used since it provides a good source of isolated probe particles with a high purity. To
select such Z → ee events, only events which have fired a reference single electron trigger
are considered. The reference trigger can be any single electron trigger. Moreover, only
events which have two reconstructed electrons with an invariant mass (see section 6.2)
of 70 GeV < mee < 100 GeV are analyzed and it is furthermore required that at least
one of the two reconstructed electrons can be matched to the single electron reference
trigger. The matching of the offline objects to the online objects is achieved via the re-
quirement that ∆R =

√
∆η2 + ∆φ2 of the two objects should be smaller than 0.15. The

other electron may or may not pass the trigger selection and is defined as the probe. The
efficiency of a single electron trigger is computed by the fraction of probes which can be
matched to an online electron fulfilling the trigger selection of the trigger in question [42].

Results:
The efficiency of a single electron trigger with a ET threshold of 12 GeV was measured
in the 2011 dataset as a function of pT and η. The reference trigger for the tag electrons
was the highest unprescaled trigger in the 2011 data taking which had a ET threshold of
20 GeV in the first data-taking periods and 22 GeV in the later data taking. To reduce
the contribution of background events in the analyzed mee window, events with both
electrons carrying the same charge were subtracted from the dataset. The systematic
uncertainty of the measured efficiency was obtained via changing the invariant mass cut
to 65 GeV < mee < 110 GeV and to 75 GeV < mee < 100 GeV, alternating the matching
requirement from ∆R < 0.15 to ∆R < 0.1 or ∆R < 0.2 and varying the reconstruction
quality criteria of the tag electron. The impact on the trigger efficiency from pile-up
events was estimated by separating the data sample into a high pile-up (> 10 primary
vertices) and low pile-up (≤ 10 primary vertices) sample and computing the efficiency
in the two samples separately. The uncertainty arising from pile-up was found to be
negligible. In Figure 3.7 the trigger efficiency for the single electron trigger with a ET
threshold of 12 GeV is presented, the suffix medium refers to the reconstruction quality
criteria (see section 3.3.1 and section 5.1) and the abbreviation T and Tvh refers to
selection criteria on the online object in order to remove electron candidates with a
certain amount of energy deposit in the hadronic calorimeters (=hadronic leakage). The
efficiency was found to be greater than 95 % for an electron pT ≥ 20 GeV and the total
systematic uncertainty was found to be smaller than 1 % over the full analyzed pT and
η range (see also section 8.1) [42]. More details can be found in Ref. [42].
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Figure 3.7.: Trigger efficiency for a single electron trigger with a ET threshold of 12 GeV
as a function of pT and η [42]. The efficiency of the electron triggers as a
function of η reflects the construction of ATLAS. The drops of the efficiency
at η ≈ 0 and |η| ≈ 1.5 are caused by the transition regions between the
end-cap and barrel segments of the electromagnetic calorimeter.

3.5. Pile-up

In each bunch crossing at LHC multiple protons can interact via elastic or inelastic
scattering processes. The hard scattering processes may produce high energetic particles
which are selected by the ATLAS trigger chain. The whole event or rather the full de-
tector information present in such an event is then stored onto tape. The term “pile-up”
(or in this case in-time event pile-up) refers to all the additional hard or soft scattering
processes in a bunch crossing which may or may not have produced a high energetic par-
ticle selected by the ATLAS trigger. Moreover, the measurement information of energy
deposits originating from previous bunch crossings can still be present in the ATLAS de-
tector readout buffer. Those deposits can be wrongly associated with an event triggered
by a subsequent bunch crossing. Such energy deposits are referred to as out-of-time or
detector pile-up. To investigate the impact of the pile-up conditions two observables are
defined:

• Number of primary vertices: NVtx.

The information of primary vertices is determined from the tracking information
and reflects the in-time event pile-up conditions.
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• Average number of interactions per bunch crossing3: µ.

The number of interactions per bunch crossing is an observable proportional to the
total inelastic proton-proton cross section. It is obtained using luminosity measure-
ments and reflects both the in-time as well as the out-of-time pile-up conditions.

It has been observed that the NVtx is roughly a factor two smaller than the average
number of interactions per bunching. The Monte Carlo samples used in this thesis (see
chapter 4) were simulated with fixed pile-up condition. To model the pile-up conditions
during data taking correctly, the simulated µ distribution was rescaled to 0.9 · µ. More
details on the µ rescaling as well details on the treatment of pile-up effects on physics
objects such as ��Emiss

T can be found in Ref. [43].

3The signal strength in the likelihood fit (see chapter 9) is also denoted as µ.
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4. Data Sets

The Monte Carlo samples used for background and signal are introduced in this chap-
ter as well as the data analyzed. The data was recorded in 2011 and 2012. The main
focus of this thesis lies on the 2012 data but in some of the final results measurements
based on the 2011 datasets are incorporated. For various background and signal samples
different Monte Carlo (MC) generators are used, some generators are specialized for
processes like gg2WW3.1.2 which is used for the simulation of gg → WW decays [44].
But there are also multi-purpose generators like Pythia or Herwig. The generator
Herwig simulates hard lepton-lepton, lepton-hadron and hadron-hadron scattering at
leading order (LO) [45]. Also Pythia simulates multi particle collisions at LO and is
used as an interface for other generators (like Powheg+Pythia for the signal samples
and WW background or AcerMC+Pythia for t-channel single top decays) to sim-
ulate initial and final state radiation, hadronization and further decays [46], [47]. The
two versions of Pythia (Pythia6 and Pythia8) used in this analysis differ mainly by
the programming language used in the implementation. Version 6 of Pythia is imple-
mented in Fortran and the newer version 8 is written in C++. Alpgen calculates matrix
elements also at LO for various multiparton interactions [48]. The AcerMC generator
is specialized for processes with top or bottom quarks in the final state [49]. Sherpa is
another multipurpose generator and is able to simulated high energy reactions of parti-
cles for lepton-lepton, lepton-photon, photon-photon and hadron-hadron collisions [50].
The Powheg generator (or rather the Powheg method) is a tool to calculate matrix
elements at next-to-leading-order for various processes [51]. The specialized gg2ZZ gen-
erator is used to simulated the NLO loop-induced gluon fusion process gg → ZZ → 4`
[52]. The events generated by the various MC generators are passed through a GEANT4
[53] simulation of the ATLAS detector. The following section will highlight which MC
generator was used for which process.

4.1. Monte Carlo signal samples

Regarding the low and high mass analysis (see section 6.4), the signal samples in the
H→WW analysis are slightly different. Depending on the mass of the Higgs boson the
description of the lineshape differs. For Higgs masses below 400 GeV it is valid to use
a Breit-Wigner (BW) to describe the lineshape but it could be shown [54], [55], [56]
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that for masses mH ≥ 400 GeV a BW is not valid anymore. For those samples a more
correct approach to describe the Higgs lineshape has been adopted which is known as
the Complex Pole Scheme (CPS). Another effect becomes more and more dominant
with an increasing mass namely the interference between signal and the non-resonant
WW background [56], [57], [58]. This effect changes both the production cross section
as well as kinematic distributions. The inclusion of the interference effect is crucial for
mH ≥ 400 GeV. Regardless of the mass of the Higgs signal, the generators used are
Powheg+Pythia8 for signal originating from the gluon-fusion and from the vector
boson fusion process. For Higgs bosons produced in association with a W or Z boson
Pythia8 is used. The samples for the narrow width approximation scenario are simu-
lated using the same generators.

4.1.1. Interference between signal and non-resonant WW

background

As mentioned earlier, the interference between the signal and the non-resonant WW
background is found to be not negligible for mH ≥ 400 GeV due to the large decay
width. In Ref. [59], the interference effect as well as a prescription of the computation of
theoretical uncertainties is addressed. It is known at leading order (LO) in QCD but is
not included in the Powheg+Pythia8 gluon- and vector boson fusion samples used.
Consequently, both the ggF and VBF signal samples are weighted to account for the
interference. For the ggF signal the interference weights were computed at LO using
MCFM 6.3 [60] and were rescaled to the NNLO cross section. The interference weights
for the VBF signal were extracted using REPOLO (REweighting POwheg events at
Leading Order), a tool provided by the authors of VBFNLO [59], [61], [62]. In Figure
4.1 the transverse mass mT (see section 6.2) is presented for a 400 GeV, a 700 GeV
and a 1 TeV Higgs signal. The difference in the signal kinematics due to the applied
interference weights is evident. Furthermore, the estimated uncertainty envelopes of the
interference weights are shown. For the narrow-width-approximation (NWA) samples
the width of the Higgs boson is fixed to 1 GeV for all mass-points hence no interference
weights are applied. The NWA samples are also generated with Powheg+Pythia8 for
ggF and VBF.
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(c) mT for a SM-like 700 GeV Higgs, production:
ggF
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(e) mT for a SM-like 1 TeV Higgs, production:
ggF
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Figure 4.1.: The distributions show the transverse mass mT (see section 6.2) for a Stan-
dard Model like Higgs boson with a mass of 400 GeV, 700 GeV and 1 TeV.
The plots on the left show the signal produced via the gluon-fusion process,
the plots on the right are for VBF produced Higgs signal. The blue dashed
line corresponds to the unweighted MC sample, the red solid line is the sig-
nal with the interference weight applied, the orange and green dashed line
represent the interference weight uncertainty envelope.
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4.1.2. Electroweak singlet signal

For the EWS (see section 2.4) scenario besides the interference effect also the scaling
of the width Γ has to be taken into account. The scaling of the couplings κ′ varies the
width ΓSM of the signal as well as the production cross section σ = κ′ · σH,SM. Since the
width of the signal has an effect on the interference between signal and non-resonant
WW background, the interference weights used also depend on κ′ 2 for mH ≥ 400 GeV.
Technically speaking for the EWS signal the SM(-like) signal is weighted twice: Once to
vary the width between 0.1×ΓSM and 1.0×ΓSM and a second weight for the interference
effect individually for each value of κ′ . The event weights which affect the decay width
of the signal were obtained using the Powheg generator with a running width BW
propagator [63]. Figure 4.2 shows the mT distributions for ggF and VBF produced Higgs
signal for mH = 200 GeV, 600 GeV and 1 TeV. The width of the signal is re-weighted
to 0.1 × ΓSM, 0.5 × ΓSM and 0.9 × ΓSM. For 600 GeV and 1 TeV the corresponding
interference weights are applied.
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(a) mT for a 200 GeV Higgs, production: ggF
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(b) mT for a 200 GeV Higgs, production: VBF
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(c) mT for a 600 GeV Higgs, production: ggF
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(d) mT for a 600 GeV Higgs, production: VBF
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(e) mT for a 1 TeV Higgs, production: ggF
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Figure 4.2.: The plots show the transverse mass distribution for the mass hypothesis
200 GeV, 600 GeV and 1 TeV. The width of the signal samples is weighted
to 0.1 × ΓSM, 0.5 × ΓSM and 0.9 × ΓSM. For the masses mH ≥ 400 GeV the
corresponding interference weights are applied. The latter also depend on
the weighting of the signal width κ′ × ΓSM. Moreover, the unweighted (no
interference weighs and no width weights applied) MC sample is shown.
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4.2 Monte Carlo background samples

4.2. Monte Carlo background samples

WW background
The qq → WW → `ν`ν processes are simulated using Powheg+Pythia6. For gg →
WW → `ν`ν gg2WW3.1.2 is used. One sample of the WW background is simulated
using Sherpa which covers the processes WW → `ν`ν + 2 jets.

top background
For the tt̄ background the Powheg+Pythia interfaces are used. The single top s-
channel diagrams as well as theWt→ `` decays are simulated using Powheg+Pythia6.
The t-channel single top background contribution is simulated using the AcerMC+Pythia6
interface.

Z+jets background
The Z → ee/µµ/ττ + NpX samples are simulated using the Alpgen+Herwig Monte
Carlo generator. The abbreviation NpX indicates the number of additional associated
partons in the Monte Carlo sample where the number of additional partons ’X’ runs
from 0 to ≥ 5. In the high mass analysis (see section 6.4) additional Alpgen+Herwig
Z → ``+NpX samples are introduced. Those samples have more than 5 million events for
mtruth

Z > 100 GeV (high m`` region) and should help to minimize statistical uncertainties
arising from Z+jets background in the phase space of the high mass analysis. The
Z → ee/µµ/ττ + γ processes incorporated in the analysis are simulated via Sherpa.
A set of samples where a Z boson is produced via the vector boson fusion process is
included. Those Z → ee/µµ/ττ + 2 jets samples are also generator using Sherpa.

Non-WW background
The Non-WW background covers decays of WZ,ZZ,Wγ or Wγ∗. The ZZ processes
are generated using Powheg+Pythia8 for qq → ZZ → 2`2ν/4`, Sherpa for ZZ →
2`2ν + 2 jets and ZZ → 4` + 2 jets and gg2ZZ for gg → ZZ → 4e/4µ/2e2µ. The
WZ decays are simulated via Powheg+Pythia8 and Sherpa for WZ → 3`ν+2 jets.
Decays originating from Wγ? processes have been generated using Sherpa and Wγ
with Alpgen+Herwig.

4.3. Data taken with the ATLAS detector

There are two data samples used in the H→WW (∗)→ `ν`ν analysis. In 2011 the center
of mass energy of the LHC was

√
s = 7 TeV while for the 2012 dataset it was increased

to
√
s = 8 TeV. For the 2011 run the average number of interactions per bunch crossing

< µ > is shown in the left part of Figure 4.3. After a technical stop in September 2011
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4.3 Data taken with the ATLAS detector

β∗1 was changed from 1.5 m to 1.0 m. The recorded analyzed integrated luminosity of
the 2011 dataset is

∫
Ldt = 4.5 fb−1 [64]. For the 2011 data set two bunch spacings were

used: 25 ns and 50 ns. The runs at which the bunch spacing was 25 ns only delivered very
few good physics runs. Therefore, the runs at 25 ns are not used, hence the difference of
integrated luminosity between Figure 4.3 and the 4.5 fb−1 used. For the

√
s = 8 TeV the

bunch spacing was fixed to 50 ns for the full data taking period. The right part of Figure
4.3 shows the mean interactions per bunch crossing for 2012. The analyzed recorded
integrated luminosity for the

√
s = 8 TeV dataset is

∫
Ldt = 20.3 fb−1. Only data which

fulfills a certain set of data quality requirement is used in the analysis. Those data
quality requirements reflect the functionality of the various subdetectors of the ATLAS
experiment (see chapter 3). The amount of luminosity is obtained from a so called “good
run list” (GRL) using the standard ATLAS luminosity tool [65].
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Figure 4.3.: The distributions show the mean number of interactions per bunch crossing
for the 2011 (left) and 2012 (right) dataset.

4.3.1. Triggers used

The triggers in the H→WW analysis play an important role since they define the lowest
possible lepton pT. For the 2012 H→WW (∗)→ `ν`ν analysis both single- and di-lepton
triggers were used. In 2011 the trigger setup used, depends on the data taking period2.
Only single electron triggers were used in 2011, whereas in the 2012 dataset single and
di-lepton triggers were used as a combination. Both were combined with an logical “OR”
which means that either a single-, a di-lepton or both are required to have fired. Table
4.1 summarizes the trigger menus used for 2011, Table 4.2 shows the 2012 trigger setup.
The numbers in the trigger names represent the pT threshold in GeV. The suffixes loose,

1The distance from the focus point of the beam where the beam is twice as wide as at the focus point.
2A data taking period is usually on the order of a month
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4.3 Data taken with the ATLAS detector

medium and tight represent the object quality criteria used (see chapter 5) for the trigger
object. The object quality criteria used in the trigger setup has no direct influence on the
analysis objects. The abbreviation vh and Tvh for some 2011 and 2012 triggers reflect
selection criteria to reduce hadronic leakage. Some of the 2012 triggers have an i in the
name which indicates the necessity of the trigger object to be isolated [66].

Period ee channel µµ channel eµ channel
B - I e pT > 20 GeV, medium µ pT > 18 GeV e pT > 20 GeV, medium || µ pT > 18 GeV
J e pT > 20 GeV, medium µ pT > 18 GeV, medium e pT > 20 GeV, medium || µ pT > 18 GeV, medium
K e pT > 20 GeV, medium µ pT > 18 GeV, medium e pT > 20 GeV, medium || µ pT > 18 GeV, medium
L - M e pT > 22 GeV, vh, medium µ pT > 18 GeV, medium e pT > 22 GeV, vh, medium || µ pT > 18 GeV, medium

Table 4.1.: Trigger setup for the 7 TeV data set. The notation “||” represents a logical
OR.

ee channel e pT > 24 GeV, vhi, medium || e pT > 60 GeV, medium
|| 2 · e pT > 12 GeV, Tvh, loose

µµ channel µ pT > 12 GeV, tight || µ pT > 36 GeV, tight
|| µ pT > 8 GeV&µ pT > 18 GeV, tight

eµ & µe channels e pT > 24 GeV, vhi, medium || e pT > 60 GeV, medium
|| µ pT > 24 GeV, i, tight || µ pT > 36 GeV, tight
|| e pT > 12 GeV, Tvh, medium & µ pT > 8 GeV

Table 4.2.: Trigger setup for the 8 TeV data set. The notation “||” represents a logical
OR.

The di-lepton triggers were added in 2012 because they allow to lower the leading lepton
pT threshold from 25 GeV to 22 GeV. The signal acceptance increases due to the di-
lepton triggers and the related loosened lepton pT threshold depending on the lepton
flavors. The increase is about 18.5 % in the µµ channel, 9.1 % in the ee channel, 8.3 %
in the eµ channel and 8.2 % in the µe channel [66].
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5. Object Definitions

This section describes the object definitions of the H→WW analysis. There are no
differences in selection criteria between the two separate mass regionsmH ≤ 200 GeV and
mH > 200 GeV .

5.1. Electrons

To maximize the sensitivity of the H→WW analysis, the selection of leptons has been
optimized. Choices on the lepton identification have an impact on the analysis primarily
through the rejection of the W+jets and QCD backgrounds with a corresponding trade-
off in signal efficiency [66]. The reconstruction of electrons makes use of the inner detector
and calorimeter clusters. For a large enough energy deposit in the LAr calorimeter the
cluster is matched to a track from the ID. The transverse energy ET of the reconstructed
electrons has to be greater than 10 GeV. For the electron identification criteria both
approaches, a cut-based and a multivariate technique, are available in ATLAS [66],
[67]. Electrons in the H→WW analysis use the “Very Tight Likelihood” (“VTLH”)
definitions for Et < 25 GeV and follow the so called Medium++ cut-based definitions
for Et > 25 GeV. It is required for all electrons with |η| < 2.37 to have a hit in the
innermost pixel layer, the “b-layer” and the so called conversion flag1 is required to
be false. To further reject W+jets and QCD background, the impact parameter and
isolation criteria have been derived as a function of Et. Discriminating variables on the
isolation of a reconstructed electron are:

• the sum of energy deposited in the calorimeter inside a cone2 of 0.3 in the η − φ
plane around the electron: Econe30

T

• the sum of track momentum in a cone of 0.3 or 0.4 around the electron track:
pcone30
T and pcone40

T

1The conversion flag indicates if it is likely that a photon converted into a pair of electrons. The value
of the conversion flag is determined in the ATLAS reconstruction during the track matching of tracks
from the inner detector to EM calorimeter deposits.

2∆R =
√

∆η2 + ∆φ2
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5.2 Muons

For selecting the correct vertex, a requirement on the longitudinal impact parameter
z0 · sin Θ (Θ being the angle between the beam axis and the electron track) and on the
transverse impact parameter d0 over the uncertainty on d0

d0
σd0

is applied. Table 5.1
summarizes the electron selection criteria for 8 TeV [66], [43].

Table 5.1.: Electron selection as a function of ET . “CBL” refers to the conversion flag
and b-layer hit requirements extended to all η (within the electron acceptance
coverage) [66].

ET calo. isolation track isolation impact
(GeV) electron ID topoEtConeCor Ptcone parameters
10-15

Very Tight LH
Econe30
T /ET < 0.20 pcone40

T /ET < 0.06
d0/σd0 < 3.0,
z0 sin θ < 0.4
mm

15-20 Econe30
T /ET < 0.24 pcone30

T /ET < 0.08
20-25

Econe30
T /ET < 0.28 pcone30

T /ET < 0.10
> 25 Medium++

with “CBL”

5.2. Muons

Muons are reconstructed via tracks from the inner detector and from the muon spec-
trometer. The information of both detector parts is combined via the so called STACO
algorithm [68] for muon tracks within |η| < 2.5. Similar to electrons the transverse mo-
mentum of muons is required to be greater than 10 GeV. A set of requirements on the
quality of inner detector information is applied:

• the sum of hits in the pixel detector and dead pixel sensors crossed by the track
must be > 0,

• the sum of SCT hits and dead SCT sensors crossed by the track must be greater
than four,

• the number of missing hits in a crossed sensor which is not dead must be less than
three,

• a successful TRT extension must be found if the track is within the acceptance of
the TRT.

The reconstructed muon is required to fulfill a set of isolation cuts as well as cuts on
the impact parameter. The same discriminating isolation variables as for electrons are
used for muons. The cuts on the impact parameter help to reject cosmic muons. Table
5.2 summarizes the pT dependent muon selection [66], [43].

50



5.3 Jets

Table 5.2.: Muon selection as a function of ET [66].

pT calo. isolation track isolation impact
(GeV) EtConeCor Ptcone parameters
10-15 Econe30

T /ET < 0.06 pcone40
T /ET < 0.06

d0/σd0 < 3.0,
z0 sin θ < 1.0
mm

15-20 Econe30
T /ET < 0.12 pcone30

T /ET < 0.08
20-25 Econe30

T /ET < 0.18
pcone30
T /ET < 0.12

> 25 Econe30
T /ET < 0.30

5.3. Jets

Since the H→WW analysis is binned in the number of jets (0 jets / 1 jets / ≥2 jets),
those objects are an important part of the object definitions. Furthermore, identifying
a jet as a b-jet originating from a top decay is a crucial part in rejecting the top back-
ground.
The nominal analysis jets in the H→WW analysis are reconstructed following the jet
requirements of the anti-kT 4 LCW+JES collections. The jets are reconstructed from
topological clusters in the calorimeters using the anti-kT algorithm (see section 3.3.3)
with a distance parameter R = 0.4. The local cluster weighting (LCW) method is
applied with the aim to reduce fluctuations in the response of the ATLAS calorime-
ters. The corrections factors are applied depending on energy density and longitudinal
shower depths of the jet. They correct for calorimeter non-compensation, energy losses
in non-instrumented regions and signal losses due to threshold effects [66], [43]. So called
“LOOSER” jet cleaning cuts are applied on the jets. The jets are required to be within
|η| < 4.5. Jets in the central part of the detector (|η| < 2.4) are required to have a
transverse momentum pT > 25 GeV, jets in the forward part of ATLAS (|η| ≥ 2.4)
should have a pT > 30 GeV. To suppress pile up events, the jet vertex fraction3 (JVF)
is required to be > 0.5 for jets with pT < 50 and |η| < 2.4. [66]
To identify jets originating from a top quark decay tracking is essential. Due to this,
the reconstruction of b-jets is limited to the central part of ATLAS |η| < 2.4. The MV1
algorithm at a working point of 85% efficiency is applied which uses a multivariate anal-
ysis technique seeded from the tracking information to determine if a jet could possibly
be a b-jet [43]. In order to maximize the rejection power of the b-veto4, the pT threshold
for the b-jets is lowered to 20 GeV.

3The jet vertex fraction JVF is a discriminating variable between pile up and hard scatter jets, it
ranges from zero to one and reflects the probability that the hard jet originated from the primary
vertex.

4The requirement to have exactly zero b-jets in an event.
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5.4 Missing Transverse Energy

5.4. Missing Transverse Energy

Given the event topology of H→WW (∗)→ `ν`ν decays, neutrinos are expected to be
present. The ATLAS detector is not able to detect those neutrinos directly. Therefore,
the missing transverse energy��Emiss

T is an important observable. Most of the backgrounds
in the eµ+µe final state contain neutrinos and hence��Emiss

T . In the ee+µµ final state one
of the major backgrounds, the Drell-Yan process (Z/DY), does not involve any real neu-
trinos. In the H→WW (∗)→ `ν`ν analysis many ��Emiss

T flavors are investigated. Missing
transverse energy can be reconstructed either from the calorimeter (from now referred
to as Emiss

T ), from the tracking (pmiss
T ) or from the combination of both detector parts

(pmiss,J−TRK
T ). For pmiss,J−TRK

T the jet objects in pmiss
T are replaced by the corresponding

calorimeter information [66]. One way to reduce possible effects on ��Emiss
T from miss-

measured objects (leptons and jets) is to project the missing transverse energy onto a
axis defined by the closest hard object:

Emiss
T,rel = ��E

miss
T × sin ∆φ , for ∆φ < π

2
Emiss

T,rel = ��E
miss
T , otherwise

The angle ∆φ here is between the ��Emiss
T and the nearest reconstructed analysis object

(the same methodology for the relative ��Emiss
T is applied to calorimeter based Emiss

T and
track based pmiss

T hence Emiss
T,reland pmiss

T,rel). For various final states different combinations
of MET flavors were chosen based on the following consideration:

• for eµ+µe channels, the��Emiss
T with the best resolution was chosen: pmiss,J−TRK

T [66]

• for ee+µµ channels, the��Emiss
T with the best rejection of Z/DY was chosen: pmiss

T,rel [66]

• for VBF dominant channels, (Njet≥ 2) a combination of calorimeter Emiss
T and

pmiss,J−TRK
T gives the best performance [66].

Table 5.3 summarizes the ��Emiss
T objects used for the various analysis bins. In the mH >

200 GeV analysis an additional cut on Emiss
T for the eµ+µeVBF channel is introduced.

5.5. Overlap removal

To avoid double counting of objects in the case where two objects were reconstructed
closely in the η − φ plane, the following overlap removal strategy is applied:

• For muon-electron overlap within ∆R < 0.1: keep the muon, remove the electron. A
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5.5 Overlap removal

jet bin ��Emiss
T flavour description

0j eµ+µe pmiss,J−TRK
T track-based Emiss

T with calorimeter jets
0j ee+µµ pmiss

T,rel, Emiss
T,rel projections of the track- and calo-based ��Emiss

T
1j eµ+µe pmiss,J−TRK

T track-based Emiss
T with calorimeter jets

1j ee+µµ pmiss
T,rel, Emiss

T,rel projections of the track- and calo-based ��Emiss
T

2j/VBF eµ+µe only for mH > 200 GeV Emiss
T calo-based ��Emiss

T
2j/VBF ee+µµ ��Emiss

T , pmiss,J−TRK
T calo-based and track-based ��Emiss

T with calorimeter jets
Table 5.3.: Different ��Emiss

T flavours used in the H→WW (∗)→ `ν`ν analysis.

muon passing through the ATLAS detector leaves a relatively small energy deposit
in the calorimeters which can be misidentified together the muon track in the ID
as an electron.

• In cases of an electron being within ∆R < 0.05 of any muon, the whole event is
removed.

• for electron-electron overlap within ∆R < 0.3: keep the electron with higher pT .

• A high energetic electron can be reconstructed as a jet hence if an electron is within
∆R < 0.3 of a jet candidate: keep the electron, remove the jet.

• For muon-jet overlap within ∆R < 0.3: keep jet, remove muon.

The ∆R is defined in the η − φ metric as ∆R =
√

∆η2 + ∆φ2 [66].
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6. The H → WW → `ν``ν` Analysis

The decay channel H→WW (∗)→ `ν`ν is interesting for many reasons. As can be seen
in Fig. 2.2 the branching ratio for a Standard Model (-like) Higgs boson decay into
two W Bosons is comparatively large over the full mass range. Given the fact that
the ATLAS and CMS collaboration both have found a particle with a mass mH of
roughly 125 GeV which is up to this day in full agreement with the SM prediction, the
H→WW (∗)→ `ν`ν channel gives an interesting opportunity to measure the Spin prop-
erties as well as the size of the couplings of the 125 GeV state. It is worth highlighting
here that the H→WW (∗)→ `ν`ν decay channel is one of the three1 major so called
search channels at the LHC. The H→WW decay channel gives a very clear signal in
the detector where two reconstructed leptons, missing transverse energy and depending
on the production mechanism 0, 1 or ≥ 2 jets are required.

6.1. Event Topologies

The event topology in H→WW (∗)→ `ν`ν decays mainly depends on four components:
production mechanism, decay width, mass and spin2 of the Higgs boson(-like particle).
Independent of those four factors, it is required to have exactly two well reconstructed
leptons with different charge in an event and a certain amount of missing transverse
energy. The appearance of jets in the events depends on the production mechanism.
For the gluon fusion (ggF) process it is expected to have exactly zero jets, for the
vector boson fusion (VBF) events with at least two jets are considered. Since jets can be
missed in the reconstruction process and since there is the possibility of so called initial
state radiation, events with one jet in the final state are also being analyzed. That jet
bin is usually dominated by the ggF production. Figure 6.3 shows the jet multiplicity
after requiring to have exactly two leptons and a minimum of m`` . The composition of
backgrounds varies with the number of jets in the final state.

1The other two are H → γγ and H → ZZ
2Theoretically the parity of the Higgs boson also plays an important role. But the effect on the event
topology from different parity assignments is usually washed out by the detector resolution. To
entangle such effects, a specialized analysis which uses multivariate analysis techniques is designed.
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6.1 Event Topologies
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Figure 6.1.: Jet multiplicity at pre-selection level indicating the various background com-
positions depending on the number of jets in the event. The left plot shows
the jet multiplicity for eµ+µe events, the right plot for ee+µµ events. The
cuts applied are the pre-selection cuts up to m`` > 10, 12 GeV (see section
6.3).

The two reconstructed leptons in the final state are either electrons or muons. Tauons
enter the analyzed events only indirectly via the decays τ → ν̄τ`ν` where ` can be either
an electron or an muon. Given those lepton flavors in the final state the events usually
get categorized into two classes:

1. Same flavor events (SF), where both leptons are electrons or muons

2. Different flavor events (DF), where both leptons are of different flavor i.e. one
electron and one muon.

The same flavor channel is dominated by Z+jets events originating from the Drell-Yan
process (see section 7.4) while in the different flavor channel the top background followed
by the Z+jets background play an important role. The irreducible WW background is
more or less independent of the final state flavor combination (eµ+µe and ee+µµ ).
Figure 6.2 indicates the dependence of the signal event topology on the Higgs mass
mH as well as the dependence on the spin of the Higgs Boson. The analysis used to
investigate the spin will not be discussed in this thesis and further on each Higgs-like
boson is supposed to have spin-0.
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6.1 Event Topologies
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Figure 6.2.: The distributions show the opening angle of the two leptons in the final
state in the transverse plane ∆φ`` for various spin hypothesis and various
Higgs boson masses. In the distribution indicating the spin dependence Fig.
6.2a, only signal produced via the gluon fusion process is shown. In addition
the invariant dilepton mass m`` is shown for various Higgs Boson masses. All
distributions are normalized to unity. It is evident that the event topology
varies with mH as well as with the spin of the Higgs boson.

Two possible scenarios are analyzed in this thesis in which further Higgs like bosons
are added to the particle content of the Standard Model (see section 2.4). The major
difference between the signals of the SM-like Higgs boson, the NWA scenario and the
EWS scenario is the decay width Γ of the Higgs like particle for a mass mH. With an
increasing decay width, the influence of the interference between the signal and the non-
resonant WW background gets more dominant for the SM-like and the EWS scenario.
In Figure 6.3 this relationship is illustrated. The plot shows the transverse mass mT
distribution (see section 6.2) for a SM-like Higgs signal and a NWA signal with a mass
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6.2 Kinematic variables

of mH = 300 GeV, 600 GeV and 1 TeV. The SM-like scenario and the NWA scenario are
the two extreme cases in the terms of width of the signal. Due to the increasing decay
width of the SM-like signal, the interference between the signal and the non-resonant
WW background gets more dominant which affects the shape as well as the production
cross section of the signal process. The signal is shifted towards smaller values in mT due
to the interference.
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Figure 6.3.: Transverse mass for a SM-like Higgs signal and a NWA signal for the masses
mH = 300 GeV, 600 GeV and 1 TeV. The distributions are normalized to
unity.

6.2. Kinematic variables

In order to discriminate a signal from background events, a set of kinematic variables
is used. Moreover, some variables are needed to separate control regions from signal
regions. This section should help to highlight the most important variables in the
H→WW (∗)→ `ν`ν analyses. All distributions presented in this chapter show in the
last bin of any histogram the integrated number of events from the lower bin boundary
of the last bin up to infinity.

• Lepton transverse momentum pT:

Since one is looking at events with two leptons in the final state, the transverse
momenta pT of the two individual leptons is a very important variable. Especially
if looking at higher Higgs masses, cutting harder on this variable can help to
reject background events. On the other hand, if going to lower masses or trying
to analyze the 125 GeV state respectively, the cut on the lepton pT is required
to be as soft as possible. In Figure 6.4 the leading and sub-leading lepton pT
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6.2 Kinematic variables

distributions are shown for the different and same flavor category. The pre-selection
cuts up to m`` > 10, 12 GeV (see section 6.3) are applied to the MC events in those
distributions.
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(b) sub-leading lepton pT, eµ+µe events
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(c) leading lepton pT, ee+µµ events
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Figure 6.4.: The distributions show the leading and sub-leading lepton pT for the dif-
ferent flavor (upper row) and same flavor category (lower row). The cuts
applied are the pre-selection cuts up to the cut on m`` > 10, 12 GeV (see
section 6.3).

• Dilepton transverse momentum p``T :

The reconstructed four vectors of the individual leptons
(
E`

−→
p`

)
are added to define

the four vector of the dileptonic system
(
E``

−→
p``

)
. From the four vector of the dilep-

tonic system one can obtain the transverse momentum. The dilepton transverse
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momentum is shown in Figure 6.5 for different and same flavor.
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Figure 6.5.: The distributions show the transverse momentum of the dileptonic system
p``T for the different flavor (left) and same flavor category (right). The cuts
applied are the pre-selection cuts up to the cut on m`` > 10, 12 GeV (see
section 6.3).

• Invariant dilepton mass m`` :

The invariant dilepton mass m`` =
√

(E`
1 + E`

2)2 − (~p`1 + ~p`2)2 is of course helpful
to reject background events but also to define control regions for various Standard
Model backgrounds. For small mH

3 the signal is usually broadly distributed in the
m`` range below mH/2. In Figure 6.6 the dilepton invariant mass is shown for same
and different flavor events. In the same flavor case, the Z-peak is visible which is
removed via the Z-window cut which helps to reject about 80 % of the Z/DY
background. With an increasing mass, the signal is distributed more uniformly in
m`` .

3mH < 200 GeV
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Figure 6.6.: The distributions show the dilepton invariant massm`` for the different flavor
(left) and same flavor category (right). The cuts applied are the pre-selection
cuts up to the cut on m`` > 10, 12 GeV (see section 6.3).

• Missing transverse energy ��Emiss
T :

Since two undetectable neutrinos are expected in the signal events, a minimal
amount of ��Emiss

T in the event is required. Especially in the SF case the Z/DY
background can be rejected very efficiently via a cut on ��Emiss

T . The transverse
missing energy can be measured via either the information obtained from the
calorimeters or from the information of the tracker. Both approaches are used in
the H→WW (∗)→ `ν`ν analysis. Both the track and the calorimeter based��Emiss

T is
shown in Figure 6.7 for eµ+µe and ee+µµ events. The cuts applied are the pre-
selection cuts (see section 6.3) up to the cut on m`` > 10, 12 GeV. The signal
of a heavy Higgs like particle is broadly distributed in ��Emiss

T while some of the
background processes tend towards small values in ��Emiss

T .
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(b) Emiss
T in ee+µµ events
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T in eµ+µe events
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Figure 6.7.: The distributions show the calorimeter based ��Emiss
T (upper row) and the

track based ��Emiss
T (lower row) for same (left) and different flavor (right)

events. The cuts applied are the pre-selection cuts up to the cut on
m`` > 10, 12 GeV (see section 6.3).

• Difference in pseudorapidity of leptons ∆η`` :

Since a data driven estimate of the dominant, irreducible WW background is per-
formed (see section 7), ∆η`` can be used to orthogonalize the WW control regions
from signal regions. The difference of pseudorapidity is used for the analysis of
heavier Higgs bosons. Here the signal shows up in the same m`` regions as the WW
background and therefore a separation of signal and control regions is no longer
possible viam`` . TheH→WW signal tends to have small values of ∆η`` . In Figure
6.8 ∆η`` is shown for eµ+µe and ee+µµ events after the cut on m`` > 10, 12 GeV
(see section 6.3).
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Figure 6.8.: The distributions show the difference in lepton pseudorapidity ∆η`` for the
different flavor (left) and same flavor category (right). The cuts applied are
the pre-selection cuts up to the cut on m`` > 10, 12 GeV (see section 6.3).

• Invariant di-tau mass mττ :

The invariant di-tau mass can be constructed if it is assumed that the observed
charged lepton originating from the decay of a τ lepton is collinear with the emitted
neutrinos. The neutrinos from such τ → `ν`ντ decays are then the only source
of real ��Emiss

T in such events. The energy fractions x1 and x2 of the neutrinos in
ττ → `ν`ντ`ν`ντ events (where ` can be either a electron or a muon) can be
computed using the measured transverse momenta of the reconstructed leptons
and the reconstructed ��Emiss

T . If both x1 and x2 are greater than zero (e.g. real
neutrinos), the invariant di-tau mass is defined as

mττ =

√
(E1 + E2)2 − (p1 + p2)2

√
x1 · x2

, (6.1)

where E1 and E2 are the measured energies of the leading and sub-leading lepton
and p1 and p2 are the momenta of the leading and sub-leading lepton (electrons
or muons) [69].

• Transverse mass mT :

Owing to the fact that one is not able to reconstruct the two neutrinos in the
final state of the H→WW (∗)→ `ν`ν analyses, it is not possible to reconstruct the
invariant mass of the full final state. Therefore the H→WW (∗)→ `ν`ν analysis
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makes use of the so called transverse mass:

mT =
√

(E``
T + P νν

T )2 − | ~P ``
T + ~P νν

T |2, (6.2)

where E``
T =

√
(P ``

T )2 + (m``)2. The neutrino kinematic entering the transverse
mass definition is equivalent to the ��Emiss

T information in the event. The
��Emiss

T information used is obtained from the track-based missing transverse energy.
No cut is applied to this variable but a fit of this distribution is performed to extract
exclusion limits and measure the couplings of the 125 GeV Standard Model Higgs
boson (see chapter 9) and obtain upper limits on the production cross section times
branching ratio for heaver Higgs like states. ThemT distribution is shown in Figure
6.11 after the pre-selection cuts for eµ+µe+ ee+µµ events. In the Figures 6.12,
6.13 and 6.14 - 6.16 the transverse mass in the various signal regions is presented4.

• Opening angle of leptons ∆φ`` :

Due to the spin-0 nature of the Higgs boson, the opening angle of the leptons
tends to small values for masses mH < 200 GeV. The Higgs decaying into two
spin-1 W bosons with opposite spins which sequentially decay into leptons with
aligned spins. Since the decay of the W boson has a V-A structure, the opening
angle of the charged leptons have a small opening angle in the laboratory frame
(see Fig. 6.10) [70]. For the high mass analysis the background rejection efficiency
of ∆φ`` is relatively small due to the boost of the two W -bosons. Figure 6.9 shows
the opening angle of the two leptons for different and same flavor events. The
applied cuts are the pre-selection cuts up to m`` > 10, 12 GeV (see section 6.3).

4In all mT distributions presented in this work, the x-axis is labeled with mtrack−clj
T . The superscript

track-clj refers to the definition of�Emiss
T used in the mT calculation. The so called jet corrected track

�E
miss
T pmiss,J−TRK

T is used in all distributions (see section 5.4)
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Figure 6.9.: The distributions show the opening angle of the two leptons for the different
flavor (left) and same flavor category (right). The cuts applied are the pre-
selection cuts up to the cut on m`` > 10, 12 GeV (see section 6.3).

HW+ -W

v v

l l+ -

Figure 6.10.: Illustration of the spin alignment of the leptons originating from the
H→WW decay. The small arrows indicate the momenta and the large
double arrays indicate the spins of the particles in the decay [70].

• Fractional jet recoil - frecoil :

Events from Z/γ∗ → ee/µµ events which pass ��Emiss
T and p``T requirements as in

the low mass 0 and 1 jet analysis, have two boosted, close-by leptons with low
invariant mass. The measured missing transverse energy in those events is fake
since there are no true neutrinos in those events to balance the dilepton system.
The two lepton system must be balanced by a hadronic recoil. The soft recoil
system is reconstructed as the vector sum pT of soft jets below the analysis jet
threshold but with ET > 10 GeV and |η| < 4.5. The jets are required to be in
the transverse quadrant opposite the dilepton system (3π

4 < ∆φ(``, soft-jets) <
5π
4 ). The frecoil variable measures the strength of the recoil system relative to the
dileptonic system. The vectorial sum of the soft jet pT is weighted by the jet-vertex
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fraction in order to reduce the influence of soft jets from pile-up.

frecoil =
|∑soft-jets |JVF| · ~pT|

p
``(+hardjet)
T

(6.3)

The quantity p``(+hardjet)
T represents the total transverse momentum of the dilepton

system in the Njets = 0 bin and the total transverse momentum of the two leptons
plus the jet in the Njets = 1 bin [69].

• Jet multiplicity Njets:

As previously discussed to distinguish between the two dominant Higgs Boson
production mechanisms, the analyses are separated in jet bins. This also varies the
background composition.

• Rapidity difference for jets ∆Yjj and invariant Jet mass mjj:

For the VBF category (≥ 2 jets in the event) one can also make use of di-jet
variables like ∆Yjj and mjj. The two jets originating from the VBF production
process tend to be hard forward jets.

6.3. Pre-selection of Events

In order to select events suitable for the H→WW (∗)→ `ν`ν analyses, a set of pre-
selection cuts are applied. Those selection criteria will be described briefly in the follow-
ing:

• Data quality: Events which are not from good luminosity blocks or good runs are
removed (see section 4.3)

• Good vertex: It is required that the primary vertex in the event is associated with
at least three tracks.

• Event cleaning: Events with a so called “bad jet” are rejected if the bad jet has
a transverse momentum of pT > 20 GeV. Bad jets are objects which fulfill the jet
criteria but their source can be either hardware problems, beam halo, beam condi-
tions or cosmic ray showers [71]. Those events are rejected since the measurement
of ��Emiss

T might not be trustworthy. Only about 0.01% of the events in the 8 TeV
dataset are removed by these criteria.
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6.3 Pre-selection of Events

• LAr noise bursts: In the liquid Argon calorimeters of ATLAS noise bursts can
occur which are automatically flagged by the ATLAS software [71]. Events which
such LAr noise bursts are removed from the analysis.

• Tile Cleaning: In a few runs during the 8 TeV proton-proton data taking the tile
calorimeter had some defective detector cells. If a reconstructed jet in an event
pointed towards such a defective calorimeter region, the event is removed.

• Trigger requirements: It is required that at least one of the for H→WW (∗)→ `ν`ν
analyses typical triggers (see section 4.3.1) has fired.

• Trigger matching: It is required that one or both of the reconstructed leptons have
fired the single- or di-lepton trigger. This is realized via matching the reconstructed
leptons to the trigger objects inside a cone ∆R =

√
∆η2 + ∆φ2 < 0.15.

• Stream overlap: It is possible that an event is stored in both the “muon stream”
and the “electron stream”. Those data streams are fed by the electron or muon
triggers. If an event is found in both streams, the event is only used from the
“muon stream”.

• Two OS good leptons: Since the H→WW (∗)→ `ν`ν signal requires two oppositely
charged leptons, only events with exactly two leptons fulfilling the object require-
ments described in section 5.1 and 5.2 are analyzed. Furthermore, the two leptons
are required to have different electric charge. The lepton pT of the leading lepton
is required to be greater than 22 GeV and the pT of the sub-leading lepton should
be greater than 10 GeV.

• m`` > 10, 12 GeV: To remove meson resonances at low m`` , only events with an
invariant dilepton mass greater than 10 GeV for eµ+µe events and greater than
12 GeV for ee+µµ events are analyzed.

• Z-Veto: In the same flavor case (ee+µµ ) all events with a dilepton invariant mass
m``within 15 GeV of the mass of the Z-Boson5 are rejected. This requirement
removes a big fraction (about 88 %) of Z+jets events.

This set of pre-selection criteria are satisfied by 2,150,203 events from the 2012 ATLAS
data taking. Figure 6.11 shows the transverse mass mT (see section 6.2) for data, Monte
Carlo events and the data-driven W+jets and QCD background estimations after the
pre-selection cuts. The background is dominated at this stage by Z+jets events followed
by the tt̄ background.

5mZ = 91.187± 0.0021 GeV [17]
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Figure 6.11.: mT for `` after the pre-selection cuts are applied to the 8 TeV dataset
and the Monte Carlo events. The W+jets and QCD background are taken
from the data-driven estimates.

6.4. Signal region selection

As indicated in section 6.1, the phase space in which signal arising from a Standard
Model Higgs Boson6 is expected, depends on the mass of the particle (which can also
be seen in Fig. 6.11). Therefore, the signal region selection in the H→WW (∗)→ `ν`ν
analysis is divided into two categories:

6A massive, neutral, spin-0 particle with branching ratios as presented in Figure 2.2 and production
cross-sections as shown if Figure 2.4
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• The so called low mass (or couplings) analysis which is optimized for Higgs bosons
with a mass between 114 GeV < mH ≤ 200 GeV. Given the fact that both the
ATLAS and the CMS collaboration have discovered a resonance at around 125
GeV, all optimization efforts in the low mass analysis were performed in order to
increase the signal acceptance for a Standard Model Higgs Boson with a mass of
≈ 125 GeV.

• The high mass analysis which is optimized to search for Standard Model (-like)
Higgs Bosons with masses between 200 GeV ≤ mH ≤ 1 TeV (2 TeV NWA). As
discussed in section 2.4, some extensions of the Standard Model require further,
heavier bosons which resemble the Standard Model Higgs boson. Furthermore,
exploring the full mass range can help establishing the resonance at roughly 125
GeV as the Standard Model Higgs boson. The high mass analysis is also used to
explore two non Standard Model scenarios: EWS and NWA (see chapter 2.4).

The two following sections will summarize the signal region selections for the low and
the high mass analysis.

6.4.1. Event selection for mH ≤ 200 GeV

The background composition as well as the dominant Higgs Bosons production mech-
anism depend on the number of jets in the event. For events with 0 and 1 jet the
H→WW (∗)→ `ν`ν signal is mainly produced via the gluon fusion process. In the cat-
egory with 1 jet, the jet in the signal process is mainly due to initial state radiation,
but also misidentified vector boson fusion signal can appear in this bin. In events with
Njets ≥ 2 jets signal produced via VBF becomes accessible. Since signal and background
composition highly depend on the number of jets, the signal region selection of both
analyses (low and high mass) depends on the number of jets in the event.

Selection for Njets= 0
In events with 0 jets after the pre-selection cuts, the dominant background is Z+jets
for same flavor. In the different flavor case the dominant background is WW but also
Z → ττ + γ/jets is not negligible. To further separate the (ggF dominated) signal from
the background processes, the following selection cuts are applied:

• pmiss
T > 20 GeV for eµ+µe events and Emiss

T,rel > 40 GeV for ee+µµ events. A mini-
mum of missing transverse energy is required since two neutrinos are expected in
H→WW (∗)→ `ν`ν events.

• The invariant mass of the two leptons m`` is required to be smaller than 55 GeV.

• The opening angle in the transverse plane of the two leptons ∆φ`` is required to
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6.4 Signal region selection

be less than 1.8 radians.

• The total transverse momentum of the two leptons p``T has to be greater than 30
GeV.

• The opening angle between the transverse missing energy and the dilepton system
∆φ``,�Emiss

T
is required to be greater than π/2. This cut helps to remove pathological

events where the missing transverse energy points in the same direction as one of
the leptons. For signal, only about 1% of the events are rejected which means only
background is reduced efficiently by this requirement.

• For ee+µµ events cuts on frecoil< 0.1 and pmiss
T > 40 GeV are applied to further

reduce Z+jets background.

In Figure 6.12 the transverse mass distributions for same flavor and different flavor in low
mass 0 jet signal region are shown. The WW background is irreducible and is the domi-
nant background in both cases (same flavor and different flavor). It contributes roughly
72 % to the total background in ee+µµ events and about 64 % for eµ+µe events. For
the total background in the 0 jet signal region 1096 ± 8 (stat.) events are expected for
same flavor and 2351± 10 for different flavor (see Table 6.1 & 6.2).
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Figure 6.12.: The distributions show the transverse mass mT in the 0 jet signal region
for same flavor (left) and different flavor (right). All normalization factors
which are obtained from the control regions are applied (see chapter 7).
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6.4 Signal region selection

Selection for Njets= 1
In the Njets = 1 category the same flavor case is also dominated by Z+jets but also tt̄+
single-top contributes strongly to the background composition. In different flavor events
the top background is dominant followed by Z → ττ + γ/jets. The additional signal
region selection cuts are:

• pmiss
T > 20 GeV for eµ+µe events and Emiss

T,rel> 40 GeV for ee+µµ events.

• It is required to have no jet which was tagged as a b-jet (see section 5.3) with a
transverse momentum of pT > 20 GeV in the event. This reduces the top back-
ground very efficiently. Only ≈ 20% of the top background survive this cut.

• To reject Z → ττ events a cut on mττ > (mZ − 25 GeV) is implemented.

• max{mT (`,��Emiss
T )} > 50 GeV in eµ+µe events which efficiently rejects QCD back-

ground.

• The same cuts on m`` and ∆φ`` as in the Njets= 0 are applied: m`` < 55 GeV,
∆φ`` < 1.8.

• To further reject Z+jets cuts on frecoil< 0.1 and pmiss
T > 35 GeV are required.

In Figure 6.13 the transverse mass distributions in the low mass 1 jet signal region
are shown separately for different flavor and same flavor. Moreover, in 1 jet the WW
background is irreducible and is about 47 % of the total background for same flavor
and 40 % for different flavor. The second dominant background in the 1 jet case is top
and contributes about 35 % in same flavor and 36 % in different flavor to the total
background. The total background is 404 ± 4 (stat.) for same flavor and 1030 ± 6 for
different flavor in the 1 jet signal region (see Table 6.1 & 6.2).

70



6.4 Signal region selection

E
ve

nt
s 

/ 1
0 

G
eV

50

100

150

200

250

300

-1 Ldt =  20.3 fb∫ = 8 TeV s

 + 1 jetsνµν e→WW→H

 Data
 stat)⊕ SM (sys 

 WW
 Other VV
t t

 Single Top
ll→*γ Z/

 W+jet
 QCD
 H [125 GeV]

 [GeV]track-clj
Tm

50 100 150 200 250 300

D
at

a 
/ S

M
 

0.6
0.8

1
1.2
1.4

(a) different flavor 1 jet signal region

E
ve

nt
s 

/ 1
0 

G
eV

20

40

60

80

100

120
-1 Ldt =  20.3 fb∫ = 8 TeV s

+ 1 jetsνµνµ / νeν e→WW→H

 Data
 stat)⊕ SM (sys 

 WW
 Other VV
t t

 Single Top
ll→*γ Z/

 W+jet
 QCD
 H [125 GeV]

 [GeV]track-clj
Tm

50 100 150 200 250 300

D
at

a 
/ S

M
 

0.6
0.8

1
1.2
1.4

(b) same flavor 1 jet signal region

Figure 6.13.: The distributions show the transverse mass mT in the 1 jet signal region
for same flavor (left) and different flavor (right). All normalization factors
which are obtained from the control regions are applied (see chapter 7).

In the Tables 6.1 and 6.2 the cutflows for the 0 and 1 jet signal regions are shown
separately for eµ+µe and for ee+µµ events.

Selection for Njets≥ 2
The low mass Njets ≥ 2 or VBF analysis follows a different approach than the low mass 0
and 1 jet analysis. Whereas in the low mass 0 and 1 jet a shape fit of the mT distribution
is performed7, the low mass VBF analysis uses a boosted decision tree (BDT) score
to extract limits and measure the strength of couplings to the Standard Model Higgs
Bosons. Since the low mass VBF analysis is not part of this thesis, it will be described
only very briefly, more information can be found in Ref. [70] and Ref. [66].
A boosted decision tree is a multivariate analysis technique. Decisions trees are a col-
lection of cuts which are used to classify events as signal-like or background-like. Once
a decision tree is defined, another tree “is grown” to better separate signal-like from
background-like events which were misidentified by the first one. This iterative step is
repeated until a specified number of trees is present. The iterative growing of decision
trees is known- as boosting hence boosted decision trees.
In the low mass VBF analyses eight variables are used to train the BDT which are:
∆φ``,m`` ,∆Yjj,mjj, p

tot
T ,mT , lepton η centrality and the sum of invariant masses of

lepton and jet ∑`,jM`,j.
Generally speaking, the BDT score together with specific cuts are used to define a signal

7Also in the high mass 0, 1 and ≥ 2 jet a mT shape fit is performed.
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6.4 Signal region selection

region and control regions for the dominant background in the Njets ≥ 2 category. To
obtain limits and measure couplings a binned likelihood fit is performed on the BDT
score which is binned in 3 bins in the signal region.
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6.4 Signal region selection

6.4.2. Event selection for mH > 200 GeV

The high mass analysis is designed to search for spin-0, neutral Higgs-like bosons in the
mass range 200 GeV ≤ mH ≤ 1 TeV (2 TeV for the NWA scenario). It uses a cut-based
approach to define signal and control regions and a binned likelihood fit of the transverse
mass mT to obtain limits. Defining a (cut-based) analysis for a search over a broad phase
space is more involved than defining a signal region for a more or less known signal. The
high mass analysis was optimized via maximizing the significance S/

√
B + ∆B2 where

S are the signal events for various mass hypothesis, B is the number of events from the
Standard Model backgrounds including the processes (ggF,VBF)→ H→WW (∗)→ `ν`ν
for a 125 GeV Higgs boson and ∆B2 is the systematic uncertainty on the yield of back-
ground events. The uncertainty was fixed to 10 % during the optimization process. The
10 % are based on the experience from earlier publications of the low and high mass
analysis [72], [73]. Furthermore, a 20 % uncertainty on the background was implemented
in the optimization process and it could be shown that the results of the cut optimiza-
tion were approximately stable under the change of the background uncertainty. The
analysis has been optimized for each jet category (0,1,≥ 2) and for both same flavor and
different flavor events.
In order to utilize possible correlations between kinematic variables a multi-dimensional
optimization tool BumpHunter was used. BumpHunter is a software package from the
StatPatterRecognition package [74] and makes use of the PRIM [75] algorithm. The Bum-
pHunter tool searches for multi-dimensional rectangular regions with optimal separation
between two categories of events. A list of 16 variables was used to optimize the signal
region selection. Table 6.3 summarizes the variables used in the three different jet cate-
gories. The choices of variables used in the optimization were based on the experiences
of the low and high mass analysis and from shape comparison studies [76].
The optimization was performed with respect to the SM-like Higgs signal only, since it
could be shown that the significance based optimization does not significantly depend
on the various signal models (SM-like, NWA or EWS).

The BumpHunter tool returns a selection of each variable with an upper and lower
boundary. Very often one of the two cut limits yielded very high or very low values
so that only one dimensional cuts are used. The cuts resulting from the BumpHunter
optimization were further fine-tuned while mainly two considerations were playing an
important role:

• MC Statistics - especially for very heavy Higgs Bosons (mH > 700 GeV) a pure
significance optimization can result in signal regions with very poor statistics.

• Signal vs. background shape - for some variables the shape of background and
signal is rather similar. A significance optimization on such variables can yield
very hard cuts leading again to very poor statistics in signal regions.
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6.4 Signal region selection

Table 6.3.: This Table shows a complete list of variables which have been used with
BumpHunter to search for signal regions as well as control regions. The ’x’
indicates if a variable was used for a given jet multiplicity [63].

Variable 0-jet 1-jet ≥ 2 jets
Lepton plead

T x x x
Lepton psublead

T x x x
Calorimeter ��Emiss

T x
Calorimeter relative ��Emiss

T x x
Track ��Emiss

T x x x
Track relative ��Emiss

T x x x
Jet corrected track ��Emiss

T x x x
p``T x
ptot

T x
m`` x x x
mjj x
∆Yjj x

Jet plead
T x

∆ηjj x
∆Φ`` x x x
∆η`` x x x

The outcome of the optimization will be presented and discussed in the following. The
same cuts are used for all three analyzed scenarios (SM-like, NWA & EWS). In order to
keep the presented information readable only the SM-like signal is shown in the following
plots. The background composition is independent of the analyzed scenario, only signal
event yields and the shape of the signal differs.

Selection for Njets= 0
Similar to the low-mass analysis the main backgrounds in the 0 jet case are WW and
Z+jets. The following cuts were found to be optimal to separate signal (ggF + VBF)
from background in the 0 jet category:

• plead
T > 60 GeV and psublead

T > 30 GeV.

• pmiss
T > 45 GeV for different flavor events and Emiss

T,rel > 45 GeV with an additional
cut on pmiss

T,rel > 65 GeV for same flavor events.

• p``T > 60 GeV which rejects Z+jets very efficiently.

• The di-lepton mass should be m`` > 60 GeV.

75



6.4 Signal region selection

• The difference in pseudo-rapidity of the two leptons in the final state should be
∆η`` < 1.35. This cut is necessary to orthogonalize the WW control region to the
signal region.

In Figure 6.14 the mT distribution in the high mass 0 jet signal region is shown. The
dominant background is WW with 56 % contribution for eµ+µe and 53 % for ee+µµ .
The second most dominant background is top with 37 % in eµ+µe and 38 % in ee+µµ .
The total background expectation is 512.5 ± 3.5 (stat.) events for different flavor and
186.8± 2.3 (stat.) for same flavor.
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Figure 6.14.: The distributions show the transverse mass mT in the 0 jet signal region
for same flavor (left) and different flavor (right). All normalization factors
which are obtained from the control regions are applied (see chapter 7)

Selection for Njets= 1
In the 1 jet case the following cuts are used to define the high mass signal region:

• plead
T > 50 GeV and psublead

T > 35 GeV.

• To reduce top background no jet which was tagged as a b-jet (see section 5.3) with
a transverse momentum of pT > 20 GeV should be in the event.

• pmiss
T > 35 GeV for different flavor events and Emiss

T,rel > 45 GeV with an additional
cut on pmiss

T,rel > 70 GeV for same flavor events.
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6.4 Signal region selection

• The di-lepton mass should be m`` > 65 GeV.

• The difference in pseudo-rapidity of the two leptons in the final state should be
like in the 0 jet bin ∆η`` < 1.35. Also in the 1 jet case this cut is a necessity to
orthogonalize signal and WW control region.

Figure 6.15 shows the mT distributions for the 1 jet high mass signal region. The dom-
inant backgrounds in the 1 jet signal region are like in the 0 jet case WW and top
but in the 1 jet case top contributes more to the total background as WW . 49 % of
events originate from top in the different flavor case and about 55 % arising from top in
the same flavor case. About 42 % are WW background in the different flavor case and
35 % in the same flavor case. The total background expectation is 940 ± 6 (stat.) for
eµ+µe and 86.9± 1.4 (stat.) for ee+µµ .
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Figure 6.15.: The distributions show the transverse mass mT in the 1 jet signal region
for same flavor (left) and different flavor (right). All normalization factors
which are obtained from the control regions are applied (see chapter 7).

Selection for Njets≥ 2
For the high mass VBF category a cut-based approach is applied. This category is very
interesting in the search for high mass Higgs bosons due to the very clear signature of
two oppositely charged leptons, large��Emiss

T and two hard forward jets. The cuts used for
Njets ≥ 2 are:

• plead
T > 45 GeV and psublead

T > 20 GeV.
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6.4 Signal region selection

• To reduce top background, no jet which was tagged as a b-jet (see section 5.3) with
a transverse momentum of pT > 20 GeV should be in the event.

• ��Emiss
T > 25 GeV for different flavor events and ��Emiss

T > 45 GeV for same flavor
events.

• The total transverse momentum of leptons, jets and missing transverse energy ptot
T

should be smaller than 40 GeV. This is required in order to reject all sorts of
background events with roughly 68 % efficiency while only about 20 % of signal
independent of mass is getting rejected.

• The rapidity gap of the two jets in the event Yjj should be greater than 4. This
cut is based on the event topology origination from the VBF production mode.

• The di-jet mass mjj is required to be greater than 500 GeV.

• Owing to the fact that it is expected to have two hard forward jets from the vector
boson fusion, it is required to not have any jet with a pT > 20 GeV within the
rapidity gap of the two leading jets, the so called central jet veto CJV.

• The two leptons of the final state are required to be within the rapidity gap of the
two hard forward jets. This requirement will be referred to as the outside lepton
veto OLV.

• The di-lepton mass should be m`` > 45 GeV for ee+µµ events and m`` > 60 GeV
for eµ+µe events is required.

• The difference in pseudo-rapidity of the two leptons in the final state should be
∆η`` < 1.85 which helps rejecting WW and top background in the signal region.

The transverse mass distributions in the 2 jet high mass signal region are shown in Figure
6.16. In the 2 jet different flavor case top is with 44 % the dominant background followed
by WW with 34 %. For the same flavor 2 jet signal region the dominant background
is Z+jets with 51 % followed by top with 24 %. The total background expectation is
23.8± 0.7 (stat.) for eµ+µe and 29.7± 2.3 (stat.) for ee+µµ .
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Figure 6.16.: The distributions show the transverse mass mT in the 2 jet signal region
for same flavor (left) and different flavor (right). All normalization factors
which are obtained from the control regions are applied (see chapter 7).

In Table 6.4 and 6.5 the detailed cutflow tables for the high mass analysis are shown
separately for eµ+µe and ee+µµ . The numbers for the signal of a 300 GeV, 600 GeV
and 900 GeV Higgs-Boson are for the SM-like case. For other models (NWA & EWS)
the yields differ. The same signal region definitions are used for all three analyzed sce-
narios.
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7. Background estimation

In this chapter the event topologies of the Standard Model backgrounds as well as their
estimation are presented. To minimize the dependence on generator modeling most of
the backgrounds are estimated via a semi or fully data-driven method. The W+jets &
QCD estimation is realized via the fake factor method (see section 7.5), a full data-
driven estimation. The Drell-Yan process for the low mass analysis (mH ≤ 200 GeV ) is
estimated via the so called pacman method (see section 7.4). Other backgrounds like
WW , top and other dibosons are normalized to the measured data in specifically de-
signed control regions. The derived normalization factor is calculated using the following
formula:

NF = (data - (total background - process) )
process (7.1)

Where “process” is the number of Monte Carlo events for the background in ques-
tion, “total background” is the total number of expected background events (the sum of
monte-carlo events and results from fully data-driven methods) and “data” is the mea-
sured number of data events. The normalization factors (NF) get applied as a global,
multiplicative factor to the individual backgrounds.

7.1. WW

The WW continuum in the H→WW (∗)→ `ν`ν channel is an irreducible background
and one of the leading background contribution in the Njets = 0 and Njets = 1 category.
The final state of this background consists of two high pT leptons and large ��Emiss

T . For
the relatively small Higgs masses mH ≤ 200 GeV control regions can be orthogonalized
from signal regions via the dilepton invariant mass m`` . For large Higgs masses mH >
200 GeV the separation of control region and signal region is realized via the difference
in pseudorapidity of the two leptons in the final state ∆η`` . The WW control regions
are separately defined in the exclusive Njets = 0 and Njets = 1 bins for the analyzed
mass regions mH ≤ 200 GeV& mH > 200 GeV . The control regions are not defined for
the ee+µµ final state because of lower statistics and lower purity. Furthermore, in the
Njets ≥ 2 category the large contribution from the top background makes it impossible to
define a relatively pure WW control region. Table 7.1 summarizes the selection criteria
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for the low mass analysis and Table 7.2 for the high mass analysis. The theoretical
uncertainties related to the various backgrounds as well as the uncertainties on the
extrapolation or normalization factor are summarized in chapter 8.

Table 7.1.: Event selection criteria for themH ≤ 200 GeV 0 and 1 jetWW control regions
in the 7+8 TeV analysis. Masses and momenta are in units of GeV. Only the
different-flavor final state is used [66].

Category H+0 H+1

Pre-selection Two isolated leptons (`= e, µ) with opposite charge
DF: m`` > 10

plead
T > 22, psublead

T > 15

Missing transverse momentum pmiss
T > 20 pmiss

T > 20

- Nb-jet = 0
General selection p``T > 30 max{mT (`,��Emiss

T )} > 50
∆φ``,pmiss

T
> π

2 -
55<m`` < 110 m`` >80
∆φ`` < 2.6 |mττ −mZ | > 15

Table 7.2.: Event selection criteria for themH > 200 GeV 0 and 1 jetWW control regions
in the 8 TeV analysis. Masses and momenta are in units of GeV. Only the
different-flavor final state is used [63].

Category H+0 H+1

Pre-selection Two isolated leptons (`= e, µ) with opposite charge
DF: m`` > 10

plead
T > 22, psublead

T > 15

Missing transverse momentum pmiss
T > 20 pmiss

T > 35 (20)

- Nb-jet = 0
General selection p``T > 35 -

m`` > 75
∆η`` > 1.35

The purity in the low mass 0 jet WW control region is about 60 % and about 40 %
for the 1 jet case. In the high mass WW control region the purity for the 0 jet case is
about 70 % and about 44 % for the 1 jet case. The resulting normalization factors are
summarized in Table 7.3 and in Figure 7.1 themT distributions in the 8 TeVWW control
regions are shown after applying the resulting normalization factors and moreover, the
normalization factors for other backgrounds are also applied.
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7.1 WW

Table 7.3.: Normalization factors for the WW background obtained in the low and high
mass analysis using the 7 and 8 TeV dataset. The uncertainties are only
statistical.

dataset 0 jet 1 jet

low mass 1.219 ± 0.033 1.05 ± 0.05
high mass 1.13 ± 0.04 1.15 ± 0.07
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(a) low mass 8 TeV 0 jet WW CR
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(b) low mass 8 TeV 1 jet WW CR
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(c) high mass 8 TeV 0 jet WW CR
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(d) high mass 8 TeV 1 jet WW CR

Figure 7.1.: The distributions show the transverse mass mT for the 8 TeV low and high
mass WW control regions. All normalization factors are applied
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7.2. Top
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(a) top-anti-top pair production and decay
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(b) single top production and decay

Figure 7.2.: Feynman diagrams for the production and decay of a top-anti-top pair and
for a single top.

At hadron colliders such as the LHC, top quarks are produced in pairs (tt̄), in associa-
tion with a W boson (Wt) or with an associated quark (single-t). Figure 7.2 shows the
Feynman diagrams of the leading order top anti top pair production and the Wt pro-
duction. Top quarks almost exclusively decay into a W -boson together with a b-quark
[17] where the W boson then can further decay into a lepton-neutrino pair. This means
that top events in general can also create 2 leptons with large ��Emiss

T (plus one or two
b-jets) in the final state, similar to the event signature of H→WW (∗)→ `ν`ν events.
The top background is for events with Njets ≥ 1 a dominant background and also in the
0 jet case a proper treatment is appreciated. The following section will describe the semi
data-driven methods used in the 0, 1 and ≥ 2 jet categories.

7.2.1. Jet-veto survival probability method - Njets = 0

For theNjet = 0 category the amount of top background in the signal region is determined
applying the so called jet-veto survival probability (JVSP) [77] method. The estimation
of top events in the signal region can be summarized with the following formula:

NExp
Top,0j = (Ndata −Nnon-top)× PExp

2 , (7.2)

where Ndata represents in the low mass analysis the total number of data events after the
pre-selection including a cut on pmiss

T > 20 GeV and ∆φ`` < 2.8 for eµ+µe events only.
In the high mass analysis Ndata is obtained after the pre-selection cuts, cuts on plead

T >
60 GeV, psub

T > 30 GeV and a cut on Emiss
T,rel > 45 GeV. Moreover, in the high mass analysis

only the DF events are used. The choice for using the different flavor events exclusively is
based on the fact that in eµ+µe the Z+jets contamination is relatively small compared
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to ee+µµ events at that early stage in the cutflow. The quantity “Nnon-top” refers to the
contribution from the non-top backgrounds at the same cut stages. This is determined
either by the data-driven estimation (e.g. W+jets and QCD) or the MC predictions.
The observable PExp

2 corresponds to a data-driven estimate of top events passing the
jet-veto cut. It bears an analogy in the MC expectation NMC

top,0j = NMC
all top × PMC

2 . The
data-driven PExp

2 is derived using:

PExp
2 = PMC

2 ×
(
P data

1
PMC

2

)2

(7.3)

≈ PMC
2 ×

(
PBtag,data

1

PBtag,MC
2

)2

(7.4)

where P data (MC)
1 is a single jet veto survival probability in data (MC) and P Btag, data (MC)

1
is the corresponding jet veto survival probability determined from a control sample in
which it is required to have at least one b-tagged jet. Equation (7.3) is formed under
the assumption that P2 = P 2

1 . More details on the JVSP method can be found in Ref.
[77] and Ref. [69]. The normalization factor which is applied to the top background
is determined from the ratio of NExp

Top,0j and NMC
Top, 0j from eµ+µe events only. Table 7.4

summarizes the obtained normalization factors using the JVSP method.

Table 7.4.: Normalization factors for the top background via the JVSP method for the
low and high mass analysis. The uncertainties are statistical only.

dataset 0 Jet (JVSP)

low mass 1.082 ± 0.024
high mass 0.993 ± 0.008

7.2.2. Top estimation for Njets = 1

For the estimation of the top background in theNjets = 1 bin the low mass analysis makes
use of a data-driven method which extracts a top estimation via the measurement of the
b-tagging efficiency. In this method, events in data with two jets are selected where one jet
is required to be a b-tagged jet (tag jet). This selection criterion ensures that the sample
is highly enriched with tt̄. The non-top events are subtracted as in the JVSP method
(see section 7.2.1) by the MC predictions and the fully data-driven W+jets and QCD
estimation. The b-tagging efficiency εdata,2jetCR

tag is defined as the ratio of events with 2 jets
and the number of events where also the second jet (besides the tag-jet) is b-tagged. The
same observable is determined for MC εMC,2jetCR

tag . To account for an eventual bias from
the 2 jet control region on the b-tagging efficiency a correction fcorrection is introduced.
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The latter is purely based on MC, obtained from the ratio εMC,1jetCR
tag over εMC,2jetCR

tag . The
measured event in the 1 jet signal region for the low mass analysis can then be expressed
as

Ndata,1jetSR
Top =

Ndata,1jetCR
Top

εdata,2jetCR
tag · fcorrection

· (1− εdata,2jetCR
tag · fcorrection). (7.5)

The resulting NF is then defined as the ratio of MC top events NMC,1jetSR
Top and Ndata,1jetSR

Top
with a resulting value of 1.026 ± 0.024 for the 8 TeV dataset (statistical uncertain-
ties only). The 2 jet control region is defined after the pre-selection cuts and a cut on
max{mT (`,��Emiss

T )} > 50 GeV for the DF events only [69].

In the high mass analysis a normalization factor as defined in equation (7.1) is obtained
from a control region which is defined as summarized in Table 7.5. The control region is
supposed to be close to the signal region definition hence the hard lepton pT cuts. The
resulting normalization factors for high mass is 1.055 ± 0.029 (statistical uncertainties
only).

Table 7.5.: Event selection criteria for the 1 jet top control regions in the high mass
analysis. Masses and momenta are in units of GeV. Only the different flavor
final state is used [63].

Category H+1

Pre-selection Two isolated leptons (`= e, µ) with opposite charge
DF: m`` > 10
plead

T > 55, psub
T > 35

Missing transverse momentum DF: pmiss
T > 20

DF: pmiss
T,rel> 20

Top-enrichment Nb-jet≥ 1

In Figure 7.3 the mT distribution for the 8 TeV high mass Njets = 1 top control region
is shown.
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Figure 7.3.: The distribution shows the transverse massmT for the high mass top control
region in the Njets = 1 bin. All normalization factors are applied.

7.2.3. Top estimation for Njets ≥ 2

For the high mass ≥ 2 jet category the top control region is defined with a requirement
to have exactly one b-jet in the event. To use as much data statistics as possible in the 2
jet top control region both the different flavor and the same flavor final state is used. It is
assumed that any mismodeling of the VBF criteria is independent of lepton flavor. Table
7.6 the selection criteria for the 2 jet category top control region are summarized.
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Table 7.6.: Event selection criteria for the 2 jet top control regions in the high mass
analysis. Masses and momenta are in units of GeV. Only the different flavor
final state is used [63].

Category H+2

Pre-selection
Two isolated leptons (`= e, µ) with opposite charge
DF: m`` > 10
SF: m`` > 12, |m`` −mZ |> 15

plead
T > 45, psub

T > 20

Missing transverse momentum DF: Emiss
T > 20

SF: Emiss
T > 20

Top-enrichment Nb-jet = 1

VBF topology ∆Yjj> 4.0; mjj> 500

For the high mass analysis the resulting normalization factor is 1.01 ± 0.06 (statistical
uncertainties only). Figure 7.4 shows the mT distribution in the high mass ≥ 2 jet
control region for different flavor and same flavor combined.
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Figure 7.4.: The distribution shows the transverse mass mT for the high mass ≥ 2 jet
top control region. All normalization factors are applied
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7.3. Other dibosons


u W+

d̄ Z/γ

�ud̄

W+
W+

Z/γ�u Z/γ

ū Z/γ

Figure 7.5.: Leading order diagrams of non-WW diboson production.

There is one set of background processes which originates from the decay of two gauge
bosons like WZ,ZZ,Wγ or Wγ∗. This type of decays is summarized under the nota-
tion “other dibosons”, “V V ” or “non-WW”. Figure 7.5 shows the dominant produc-
tion diagrams of non-WW background processes. The ZZ or WZ decays can mimic
H→WW (∗)→ `ν`ν events if one or more leptons are missed. ZZ → `+`−νν events are
suppressed in the same flavor channel by the Z-window cut. Wγ or Wγ∗ decays can
also fake an event signature with 2 leptons and large ��Emiss

T if the γ(∗) is mis-identified
as an electron. In the high mass analysis the other diboson background is estimated
from MC alone. This is due to the fact that the contribution from those events is on the
order of 3 % for the mH > 200 GeV analysis. In the low mass analysis (mH ≤ 200 GeV )
the other diboson events contribute up to 10 % to the total background composition
in the Njets ≤ 1 categories which is roughly on the same order of magnitude as the
signal expectation. Owing to the fact that Wγ(∗) and WZ events are equally likely to
produce two oppositely charged leptons as two leptons with the same charge, so called
same-sign events are used in order to design a “Non-WW” control region. By requir-
ing to have two equally charged leptons (or same-sign leptons) the H→WW (∗)→ `ν`ν
signal, top, WW and Z/γ∗ → `` processes are rejected. Only events from W+jets, QCD
and other dibosonic backgrounds survive a selection which requires two same-sign (SS)
leptons. The assumption that the contribution from the “Non-WW” events is symmetric
for same-sign and opposite-sign events is only a valid approximation for eµ+µe events.
Therefore, only the DF final state is used for the SS control region. The SS control region
is defined using events passing the DF signal region definition for the mH ≤ 200 GeV 0
and 1 jet analysis up to the cut on ∆φ``. The resulting normalization factors are 0.92
± 0.07 (stat.) for 0 jet and 0.96 ± 0.12 for 1 jet. In Figure 7.6 the transverse mass
distributions for the 0 jet (left) and 1 jet (right) SS control regions are shown.
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(a) mT in the same sign 0 jet control region
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(b) mT in the same sign 1 jet control region

Figure 7.6.: The distributions show the transverse mass mT for the 8 TeV low mass
same sign control region. All normalization factors are applied

7.4. Drell-Yan

�H1

H2

`x · f(x)
Z/γ∗

Figure 7.7.: The Drell-Yan process. The two incoming lines H1 and H2 together with the
two blobs, represent two initial state hadrons. The lines which are extracted
from the shaded blobs, mean that the relevant PDF (see section 2.3) is used
to find the probability of finding that parton in the hadron represented by
the blobs.
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The Drell-Yan process as shown in Figure 7.7, produces two oppositely charged lep-
tons and can be reconstructed with ��Emiss

T > 0 GeV due to neutrinos originating from
Z/γ∗ → ττ , heavy quark decays or detector resolution effects. Due to the hard lepton
pT cuts in the high mass analysis the Drell-Yan process is a negligible background con-
tribution with one exception, the ee+µµ 2 jet signal region. In the mH > 200 GeV 0
jet case the Z+jets background contributes roughly 1 % of the total background and
about 3 % in the 1 jet case. For the 2 jet signal region the Z+jets contributes 5 %
in the different flavor channel and about 52 % in the same flavor channel case. Even
though the contribution of Drell-Yan in the 2 jet ee+µµ high mass signal region is not
negligible, the prediction is taken purely from MC. To reduce statistical uncertainties
in the analyzed high m`` region, the high mass analysis uses Z+jets MC samples with
more than 5 millions events per lepton flavor (Z → (ee, µµ, ττ)) for mtruth

Z > 100 GeV.
In the low mass analysis the Z/γ∗ background is estimated via two methods. The
Z/γ∗ → ττ contribution is estimated from a control region where a normalization factor
is obtained. The Z/γ∗ → ee/µµ background for Njets ≤ 1 is obtained via a data-driven
estimation called “pacman method”. In the following sections those two background
estimations will be described briefly.

7.4.1. Z/γ∗ → ττ

To remove the contribution from Z/γ∗ → ee/µµ in the ττ control region, it is defined
using eµ+µe events only. For theNjets = 0 case the control region is defined after the pre-
selection cuts with further requiring m`` < 80 GeV and ∆φ`` > 2.8. The normalization
factor obtained is 1.00 ± 0.02 (stat.). In the Njets = 1 category also the pre-selection
cuts are applied and furthermore, the invariant ττ mass is required to be greater than
(mZ − 25 GeV) and a cut m`` < 80 GeV is applied. The resulting normalization factor
for the 1 jet bin is 1.06± 0.04.

7.4.2. Z/γ∗ → ee/µµ

The fractional jet recoil frecoil shows a clear difference in the shape between Drell-Yan
and all other background processes with real ��Emiss

T (e.g. neutrinos) in the final state. In
the same flavor low mass 0 and 1 jet analysis a method is used which measures the cut
efficiency on frecoil in data and uses the estimation of DY after a cut on frecoil . Figure 7.8
shows frecoil for ee+µµ events in the low mass 0 and 1 jet category where the dominant
contribution of the Z/DY process is distributed in the region frecoil > 0.1

93



7.4 Drell-Yan

E
ve

nt
s 

/ 0
.0

5

-210

-110

1

10

210

310

410

510
-1 Ldt =  20.3 fb∫ = 8 TeV s

+ 0 jetsνµνµ / νeν e→WW→H

 Data
 stat)⊕ SM (sys 

 WW
 Other VV
t t

 Single Top
ll→*γ Z/

 W+jet
 QCD
 H [125 GeV]

recoilf

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

D
at

a 
/ S

M
 

0.6
0.8

1
1.2
1.4

(a) frecoil in the 0 jet category
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(b) frecoil in the 1 jet category

Figure 7.8.: The distributions show the relative jet recoil frecoil for the 8 TeV low mass 0
and 1 jet category for ee+µµ events. All normalization factors are applied

A control sample of events is divided into two bins: passing Npass and failing Nfail the
frecoil cut. The former actually defines the signal region for the SF low mass 0 and 1 jet
analysis. The efficiency of the frecoil cut is then obtained via α = Npass/(Npass + Nfail).
The efficiency α is measured separately for data, Drell-Yan background and non-DY
background. Together with the observed events passing the frecoil cut a normalization
factor can then be obtained via inverting the matrix(

Npass
Npass +Nfail

)
=
(

1 1
1/αDY 1/αnon−DY

)
·
(

BDY
Bnon−DY

)
(7.6)

and solving for BDY, the estimation of Drell-Yan events in the ee+µµ signal regions.
The efficiency for the non-DY backgrounds αnon−DY is measured in a sample using
eµ+µe events only in order to increase the purity. The resulting normalization factors
are 1.24 ± 0.10 (stat.) in the 0 jet category and 1.50 ± 0.20 (stat.) in the 1 jet category
[70].
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7.5. W+jets & QCD

Events where a W boson is produced in association with jets and the W boson decays
into a lepton neutrino pair, can contribute to the total background if one of the jets is
misidentified as a lepton. The misidentification rate may not be modeled correctly in
MC samples. Therefore, a data-driven estimate of this background is implemented in the
H→WW (∗)→ `ν`ν analyses. The method itself is called the “Fake Factor Method”. Also
QCD multi-jet events can give a rise to the total background contribution. The prob-
ability of misidentifying jets from the QCD background as two leptons together with
��Emiss

T > 0 GeV is relatively small but the cross section of QCD events is presumably
very large. The multi-jet background is obtained via the same “Fake Factor Method” as
the W+jets background. The estimation of those two backgrounds is the same for the
low- and high mass analysis.

For the “Fake Factor Method” three samples are defined: a signal sample, a W+jets
control sample and a QCD control sample. The signal sample is exactly what is used
in the signal region definitions of the H→WW analyses which means those are the
events which contain two fully identified leptons in data. It can be expressed in a way
to explicitly include the contribution from W+jets and QCD:

Nid+id = NQCD
id+id +NW+jets

id+id +NEW
id+id (7.7)

where Nid+id is the signal sample, NQCD
id+id is the QCD background, NW+jets

id+id isW+jets con-
tribution to the background and NEW

id+id are all other backgrounds. The subscript “id+id”
refers to the requirement that in this sample both leptons have to fulfill the object quality
criteria as described in chapter 5. The W+jets control sample is defined using an alter-
native lepton definition to enhance the probability of a jet faking an electron. Objects
which pass this alternative object definition are referred to as “anti-id”1. The “anti-id”
objects are explicitly asked to fail the object identification criteria. Isolation and track
impact parameter requirements are either relaxed or removed. TheW+jets control sam-
ple is then defined to contain one fully identified lepton and one anti-id object. The
control sample can be expressed similarly as in equation (7.7):

Nid+anti−id = NQCD
id+anti−id +NW+jets

id+anti−id +NEW
id+anti−id (7.8)

And hence the QCD control sample is constructed with two anti-id objects and can be
expressed in a similar way:

Nanti−id+anti−id = NQCD
anti−id+anti−id +NW+jets

anti−id+anti−id +NEW
id+anti−id (7.9)

1abbreviation for anti identified object
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In order to obtain the number of W+jets and QCD events in the signal region, an ex-
trapolation factor is introduced. This extrapolation factor relates the number ofW+jets
and QCD events in the control samples with the number of W+jets and QCD events in
the signal regions. The factor itself is defined as the ratio of the number of jets satisfying
the full lepton identification over the number of jets satisfying the anti-id selection:

f` = Nid

Nanti−id
(` = e orµ) (7.10)

The extrapolation factor or fake-factor f` (hence the name “Fake Factor Method”) is
defined for both electrons and muons. This fake factor is measured in data using di-jets
and Z+jets events with either the e+e− or the µ+µ− final state. The fake factor is binned
in lepton pT bins for 10 GeV - 15 GeV, 15 GeV - 20 GeV, 20 GeV- 25 GeV and >25
GeV. Figure 7.9 shows the fake factor measured in data from Z+jets events for electrons
and muons compared with the predicted fake factors from Monte Carlo simulations.
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Figure 7.9.: Fake factors for electrons (left) and muons (right) as a function of anti-id
lepton pT. The fake factors were obtained in Z+jets events for data and are
compared with predictions by various MC simulations. The EW contamina-
tion uncertainty is based on the uncertainty from the subtraction of other
electroweak processes in the Z+jets control sample. The sample composition
uncertainties reflect the dependence of the fake factor on the Monte Carlo
generator used and the dependence of the fake factor on same charge (SC)
and opposite charge (OC) events [69].

The W+jets background can then be calculated by scaling the number of event in the
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7.5 W+jets & QCD

W+jets control sample by the fake factor:

NW+jet
id+id = f` ·NW+jet

it+anti−id (7.11)
= f` · (Nit+anti−id −NEW

it+anti−id −N
QCD
it+anti−id) (7.12)

where NEW
it+anti−id is subtracted using pure MC and NQCD

it+anti−id is subtracted using the
Nanti−id+anti−id events. In the low mass analysis W+jets & QCD contributes about 15
% for 0 jet and roughly 7 % in the 1 jet category. In high mass the contribution from
W+jets & QCD is 2 % for 0 jet, 3 % for 1 jet and about 2.5 % for ≥ 2 jets.
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8. Systematic uncertainties

Systematic uncertainties are a very important part of the analysis. They enter the fit
(see chapter 9) as nuisance parameters in the likelihood function. The proper treatment
of any source of uncertainties has a direct influence on the quality of the obtained results.
Uncertainties can be separated into two categories: Detector uncertainties and theoretical
uncertainties. For experimental uncertainties the parameter in question is varied by ±1σ
while re-running all of the object and signal region selection to determine the impact on
the acceptance. The number of individual uncertainties is rather large. The number of
detector systematics for a SM-like Higgs boson with a mass of mH = 800 GeV is about
581. In the following, a summarized overview of the detector and theory uncertainties
will be given. More details on all used systematics can be found in [69], [43] and [70].
Some systematics are specific for individual processes and will be presented at the end
of this chapter.

8.1. Uncertainties associated with leptons

For the leptons (electron or muons) the reconstruction and identification, the energy scale
as well as the energy resolution are sources of uncertainties. The uncertainties (including
uncertainties on trigger efficiencies) are estimated using Z → ee/µµ, J/ψ → ee/µµ and
W → eν, µν decays. Table 8.1 summarizes the estate of the uncertainties for electrons
and muons. The size of the uncertainties is obtained depending on ET and η for electrons
and muons [66].

1This number depends slightly on production mechanism, model interpretation, mass of signal and so
on.
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8.2 Uncertainties associated with jets

Uncertainty source Size of the uncertainty
Electron Efficiency 0.1 % - 1.0 % reconstruction

0.2 % - 2.6 % identification
Electron energy scale about 0.4 %
Electron Energy Resolution about 1 %
Muon Efficiency < 0.46 % - 1.0 %
Muon Energy scale < 0.50%
Muon Energy Resolution less than 1 %

Table 8.1.: The size and source of the lepton uncertainties. All uncertainties depend on
the lepton ET and η. Only the range of the uncertainty is shown here [66].

The uncertainty on the trigger efficiencies is found to be smaller than 1 % [66] (see also
section 3.4.1).

8.2. Uncertainties associated with jets

In general jets are very complex objects. In the treatment of the systematic uncertain-
ties many sources of uncertainties have to be considered. The uncertainties on jets are
categorized into two sources of uncertainties: the jet energy scale (JES) and the jet en-
ergy resolution (JER) uncertainties. The JES itself is determined from a combination
of simulation, in situ2 measurements [43] and with test beams in the LHC. The JES
systematic is derived as a function of jet pT and jet η. The uncertainty on the JES is
in practice separated in the following categories: modeling and statistics on the method
for the η intercalibration of jets from the central region to the forward region, high-pT
jet behavior, MC non-closure, different quark/gluon composition and response, the b-jet
energy scale, impact from in-time and out-of-time pile-up and in situ jet energy correc-
tions [43]. In Figure 8.1 the JES uncertainty for central (|η| = 0.0, left) and forward
(|η| = 3.5, right) jets is shown.

2For example a tag and probe method.
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8.3 Uncertainties associated with missing transverse energy

[GeV]jet
T

p
20 30 40 210 210×2 310 310×2

Fr
ac

tio
na

l J
ES

 u
nc

er
ta

in
ty

0
0.01
0.02
0.03
0.04
0.05
0.06
0.07
0.08
0.09

0.1

= 8 TeVsData 2012, 
correctionin situ= 0.4, LCW+JES + Rtanti-k

 = 0.0η Total uncertainty
JESin situAbsolute 

JESin situRelative 
Pileup average 2012
Flavor composition (default)
Flavor response (default)

JES uncertainty for central jets
[GeV]jet

T
p

20 30 40 210 210×2 310 310×2

Fr
ac

tio
na

l J
ES

 u
nc

er
ta

in
ty

0
0.01
0.02
0.03
0.04
0.05
0.06
0.07
0.08
0.09

0.1

= 8 TeVsData 2012, 
correctionin situ= 0.4, LCW+JES + Rtanti-k

 = 3.5η Total uncertainty
JESin situAbsolute 

JESin situRelative 
Pileup average 2012
Flavor composition (default)
Flavor response (default)

JES uncertainty for forward jets

Figure 8.1.: The distributions show total JES uncertainties for central (left) and forward
(right) jets as a function of jet pT [43].

The JES uncertainty is 1 % - 7 % for jets with pT > 25 GeV and |η| < 4.5 depending on
jet-pT and η. The JER uncertainty varies from 5 % to 20 % depending on jet pT and jet
η [43].

b-tagging plays an important role in the rejection of top background. The uncertainty on
the b-jet tagging is estimated with a likelihood fit to the data in a sample with dileptonic
top pair events. The b-jet tagging uncertainty is decomposed into into six uncorrelated
components. The number of components is based on the number pT bins used in the
calibration. The uncertainty itself ranges from < 1% to 7.8% [69]. The uncertainty for
a c-jet to be reconstructed as a b-jet ranges between 6 % - 14 % depending on jet pT
and the uncertainty for light jets to be misidentified as a b-jet ranges from 9 % to 19 %
depending on η and pT.

8.3. Uncertainties associated with missing
transverse energy

As mentioned earlier two ��Emiss
T definitions are used in the H→WW analyses. The

calorimeter based missing transverse energy Emiss
T and the track based missing trans-

verse energy or momentum pmiss
T . The transverse missing energy is a composition of

all hard objects in the event as well as all remaining measurements, the so called soft
terms in the ��Emiss

T . All uncertainties related to the hard objects (leptons & jets) are
propagated to the ��Emiss

T calculation. The only part specific for the ��Emiss
T calculation is

the systematic on the soft terms in any ��Emiss
T definition (Emiss

T and pmiss
T ). The overall
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8.4 Luminosity and Pile Up

total uncertainty has been obtained by the ATLAS Jet+��Emiss
T combined performance

group and was determined to be 17 % for calorimeter based ��Emiss
T in the low- and high

mass signal regions [66]. For the track based missing transverse energy the uncertainties
have been estimated in Z events where data and simulations have been compared. It
was found that the scale variations range from 0.3 GeV− 1.4 GeV and the resolution for
pmiss

T ranges from 1.5 GeV−3.3 GeV [66], [43]. In general the uncertainty originating from
pmiss

T is relatively small < 0.5%.

8.4. Luminosity and Pile Up

For pile up related systematics a dedicated pile up control region was defined. The
control region is defined for ee+µµ events within the Z-peak |m`` −mZ| < 15 GeV and
further requiring to have exactly one jet with a relaxed cut on the jet vertex fraction
JVF: 0 < |JVF| < 0.1. A total systematic input of 0.5% for the Njets = 0 and Njets = 1
category was found. For the VBF category Njets ≥ 2 a total systematic of 1.0% has been
determined [66]. The uncertainty for the 8 TeV data on the integrated luminosity was
found to be 2.8 % where the derivation methodology is based on beam-separation scans
also known as van der Meer scans. More details can be found in Ref. [64].

8.5. Theoretical uncertainties

In the following, the theoretical uncertainties on background processes as well as on
signal processes are summarized. Since many backgrounds are normalized to data in
control regions (see chapter 7) theoretical uncertainties on the cross sections are not
essential. Therefore an uncertainty on the control region to signal region extrapolation
is necessary for most background processes. For the background processes the theoretical
uncertainties considered are the QCD scale variation, parton showering and underlying
event modeling (UEPS) and parton density function (PDF) modeling.

WW background

ForWW background the QCD scale uncertainties are evaluated by varying factorization
and renormalization scales in aMC@NLO. The PDF uncertainties are obtained from
CT10 PDF eigenvectors [78] and a comparison between CT10, MWST2008 [79] and
NNPDF2.3 PDFs [80]. The UEPS uncertainty is evaluated by comparing the normal-
ization factors from Powheg+Pythia8 with the NF obtained with samples generated
using Powheg+Pythia8 and Powheg+Herwig. The total uncertainty on the ex-
trapolation or normalization factor ranges from 2.0 % to 7.1 % for the low mass analysis,
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8.5 Theoretical uncertainties

depending on subleading lepton pT and jet multiplicity [66]. In Table 8.2 the uncertain-
ties for the WW control region to signal region extrapolation for the high mass analysis
are summarized.

Table 8.2.: Theoretical systematic uncertainties on the WW control region to signal
region extrapolation. In the case of numbers derived from statistically limited
samples, the statistical uncertainty on the uncertainty is quoted [63].

Jet bin UEPS unc (%) Modelling unc (%) PDF unc (%) QCD scale unc (%)
0 2.8 ± 0.2 7.7 ± 0.3 1.0 0.9 ± 0.5
1 3.1 ± 0.2 7.7 ± 0.3 1.4 1.9 ± 0.4

top background

In the low mass analysis the total theoretical uncertainty on the top quark background is
estimated to be 7.5 % for the Njets = 0 category. This includes a theoretical uncertainty
on tt̄ and Wt interference [66]. For the low mass Njets = 1 the total uncertainty is found
to be 3.1%. In Table 8.3 the theoretical uncertainties on the top control region to signal
region extrapolation for the high mass analysis are summarized.

Table 8.3.: Theoretical systematic uncertainties on the top control region to signal re-
gion extrapolation. In the case of numbers derived from statistically limited
samples, the statistical uncertainty on the uncertainty is quoted [63].

Jet bin UEPS unc (%) Modelling unc (%) PDF unc (%) QCD scale unc (%)
1 2.6 1.9 0.7 3.7
≥ 2 1.7 ± 6.9 3.5 ± 7.0 0.6 4.8

Z/DY background

For the high mass analysis the Z/DY background is estimated purely by MC predictions
since the contribution is negligible. In the 2 jet ee+µµ high mass signal region a 15 %
uncertainty is applied to the normalization. The uncertainty is based on the total relative
theoretical uncertainty from the measurement of Z+2 jets cross section in high mjj [81].
For the low mass analysis a total theoretical uncertainty of 21 % for Z/γ∗ → ττ in
Njets = 0 has been estimated and 12 % for Z/γ∗ → ττ in Njets = 1 [66]. For Z/γ∗ →
ee/µµ a total uncertainty (including theory) on the estimated background yield BDY is
found to be 49 % for the 0 jet category and 45 % in the Njets = 1 bin.
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8.5 Theoretical uncertainties

other di-boson production

Theoretical uncertainties for non-WW processes are dominated by the scale uncertainty
in each jet bin. The uncertainties for the Wγ background have been obtained using
MCFM [60] following the procedure described in Ref. [82]. For the 0 jet bin the uncer-
tainty is 11 %, 53 % for 1 jet category and 100 % for the ≥ 2 jet case [66]. For the
Wγ∗ and WZ processes correction factors on the cross section for those processes were
obtained with MCFM. The correction factors are 0.85± 0.09 for 0 jet,1.03± 0.32 for 1
jet and 1.9 ± 0.5 for ≥ 2 jet. The uncertainties on the correction factors correspond to
QCD scale uncertainties. The contribution from ZZ and Zγ events is relatively small
hence no theoretical uncertainty is assigned to those processes [66].

W+jets & QCD estimation

The extrapolation factor or fake factor for theW+jet and QCD data-driven background
estimation is determined in data and in MC. For the fake factor determined from MC,
Z+jets samples as well asW+jets samples are used. The comparison of the MC samples
is used to determine an uncertainty on the fake factor. For the Z+jets and W+jets
control sample Powheg+Pythia8, Alpgen+Pythia6 and Alpgen+Herwig are
used. The total systematic uncertainty on the fake factor varies from 29 % to 61 % for
anti-identified electrons (depending on the anti-identified object pT) and from 25 % to
46 % for anti-identified muons (see Figure 7.9) [66].

ggF and VBF signal

The uncertainty on the perturbative calculation of the production cross section for the
Higgs signal is one of the leading uncertainties on the measurement of the signal strength
µ. For the gluon-gluon-fusion process the total uncertainty is about 10 % with approxi-
mately equal contributions from QCD scale variations (7.5 %) and PDF modeling (7.2
%) for a 125 GeV Higgs [66]. For the VBF signal the contribution to the theoretical
uncertainty from QCD scale variations is found to be negligible. The PDF modeling
uncertainty is evaluated to be 2.7 %. The total acceptance uncertainty for cut-based
analyses for a 125 GeV VBF produced Higgs is about 2.4 % [66]. Detailed information
on the methodology of the evaluation on the theoretical uncertainties for the perturba-
tive cross section calculation as well as detailed listing of the uncertainties for various
Higgs masses can be found in Ref. [59].

Furthermore, an uncertainty on the jet multiplicity distribution is obtained using the
jet-veto efficiency (JVE) method for ggF [83]. The uncertainties on the JVE for Njets = 0
are found to be 14 %. In the Njets = 1 case the uncertainty is 24 % from the JVE. The
total contribution to a measurement of the signal strength for a Higgs with a mass of
≈ 125 GeV is ≈ 5 % from the jet-veto efficiency [66]. For a Higgs boson with a mass of
600 GeV the JVE uncertainty is 38 % for Njets = 0 and 42 % for Njets = 1. For a 1 TeV
Higgs signal these uncertainties are 55 % for Njets = 0 and 46 % for Njets = 1.
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8.6 Summary

For the SM-like signal processes with masses above a mass of mH ≥ 400 GeV,3 an
additional uncertainty on the interference weighting is introduced. This uncertainty is
determined for the ggF processes via the rescaling of the interference weights from LO
to NNLO. A more detailed description can be found in Ref. [59]. For VBF the the
uncertainty was obtained from the REPOPLO tool. It allows to generate matrix elements
for signal processes with and without the interference applied. More details can be found
Ref. [59]. In Figure 4.1 one can see the size of uncertainty on the interference weighting
for a 400 GeV, 700 GeV and 1 TeV SM-like Higgs.

8.6. Summary

This section gives a brief overview of the total uncertainty on the signal and background
event yields. All systematic variations have been applied one by one and the full object
and event selection has been re-analyzed to determine the uncertainty for each variation.
All uncertainties have been added up in quadrature. In Table 8.4 the uncertainties on
the total background event yield for the combined DF+SF event yield are shown.

analysis 0 jet 1 jet 2 jet
low mass DF+SF 3418 ±12(stat.)+117

−95 (syst.) 1429 ±7(stat.)+37
−53(syst.) -

high mass DF+SF 699 ±4(stat.)+26
−26(syst.) 1026 ±6(stat.)+40

−37(syst.) 53.3 ±2.4(stat.)+11.9
−10.5(syst.)

Table 8.4.: Total uncertainties on the total background yield for the low- and high
mass analysis. The event yields and uncertainties for the eµ+µe events and
ee+µµ events are combined.

In the low mass 0 jet analysis 238.6 ± 0.7(stat.)+42.9
−43.3(syst.) are expected from a 125

GeV Standard Model Higgs bosons. For the 1 jet category in the low mass analysis the
expectation is 110.4± 0.6(stat.)+41.3

−41.1(syst.).

In chapter 9 the statistical treatment of the results will be presented. In the likelihood
fit the signal strength parameter µ is determined which maximizes the numerator of eq.
(9.3). The uncertainty on the fitted signal strength parameter µ depends on the mass
mH of the signal. In the following Tables the top 5 uncertainties on the fitted µ will be
presented4. Table 8.5 summarizes the impact of the uncertainties on µ for the low mass
analysis for a Higgs boson with a mass of 125 GeV.

3The lineshape for those processes is described by a complex pole scheme.
4µ is obtained from the combination of all signal regions: SF+DF × 0 jet, 1 jet and ≥ 2 jets.

104



8.6 Summary

Source of uncertainty
∆µ
µ

+ -
WW generator modeling 5 % 5 %
QCD scale uncertainty on the total ggF Higgs
signal cross section (mH = 125 GeV) 5 % 4 %
top quark generator modeling 2.8 % 2.8 %
Fake factor for muons 2.8 % 1.9 %
Fake factor for electrons 2.8 % 1.9 %

Table 8.5.: Impact on the fitted signal strength parameter µ from the top 5 systematic
uncertainties in the low mass analysis for a 125 GeV Higgs Boson. The signal
strength parameter µ is determined from all signal regions (SF+DF, 0 jet, 1
jet, 2 jet).

Table 8.6 shows the impact of the uncertainties on µ for a SM-like Higgs boson signal
with a mass of 300 GeV, in Table 8.7 the impact on µ is shown for a SM-like Higgs boson
with a mass of 600 GeV and Table 8.8 summarizes the impact of the uncertainties on µ
for 900 GeV SM-like Higgs boson. For all presented mass points more than two theory
uncertainties are within the top 5 uncertainties on the measured signal strength parame-
ter µ. Hence theH→WW (∗)→ `ν`ν analyses are supposed to be precision measurements
of the Standard Model of particle physics, especially the low mass analysis.

Source of uncertainty
∆µ
µ

+ -
WW generator modeling 12 % 12 %
b-tagging eigenvector 6 6 % 7 %
QCD scale uncertainty on the total ggF Higgs
signal cross section (mH = 300 GeV) 8 % 5 %
Underlying event and
parton showering for WW

6 % 6 %
top quark generator modeling 6 % 5 %

Table 8.6.: Impact on the fitted signal strength parameter µ from the top 5 systematic
uncertainties in the high mass analysis for a 300 GeV Higgs Boson. The signal
strength parameter µ is determined from all signal regions (SF+DF, 0 jet, 1
jet and ≥ 2 jet).
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8.6 Summary

Source of uncertainty
∆µ
µ

+ -
Interference between signal and gg → WW 12 % 5 %
WW generator modeling 8 % 7 %
QCD scale uncertainty on ggF Higgs + 2 jets
inclusive signal cross section (mH = 600 GeV) 9 % 3 %
QCD scale uncertainty on ggF Higgs + 0 jets
inclusive signal cross section (mH = 600 GeV) 9 % 3 %
b-tagging eigenvector 6 4 % 7 %

Table 8.7.: Impact on the fitted signal strength parameter µ from the top 5 systematic
uncertainties in the high mass analysis for a 600 GeV Higgs Boson. The signal
strength parameter µ is determined from all signal regions (SF+DF, 0 jet, 1
jet and ≥ 2 jet).

Source of uncertainty
∆µ
µ

+ -
Interference between signal and gg → WW 18 % 1.8 %
JES uncertainty η intercalibration 9 % 9 %
QCD scale uncertainty on the
qq → V V + 2 jets cross section 8 % 8 %
WW generator modeling 8 % 5 %
uncertainty on the integrated luminosity 9 % 4 %

Table 8.8.: Impact on the fitted signal strength parameter µ from the top 5 systematic
uncertainties in the high mass analysis for a 900 GeV Higgs Boson. The signal
strength parameter µ is determined from all signal regions (SF+DF, 0 jet, 1
jet and ≥ 2 jet).
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9. Statistical treatment

To extract the results of the low- and high mass analysis a maximum likelihood fit is
used. For the low mass 0 and 1 jet category as well as for the high mass 0, 1 and ≥ 2
jet category the transverse mass mT is used in the fit while for the low mass ≥ 2 jet
category the BDT score (see section 6.4.1) is used instead. The methodology of the fit is
the same for the low and high mass analysis, with some specific differences depending on
the mass region. Those differences will be discussed briefly only where it is necessary.

The signal mT distribution for the high mass signal becomes quite broad with the in-
creasing width of the Higgs signal. The background peaks at rather low mT (see Figure
6.14, 6.15 and 6.16). If those mT distributions are used directly in the fit, the fit would
suffer from low background MC statistics in the high mT regions. Due to this consid-
eration, the mT distributions in the signal regions are mapped in such a way that the
signal is distributed uniformly over the full mT range. The number of bins of the mapped
mT distribution is fixed to 10 bins for the Njets = 0 category, 6 bins for the Njets = 1
case and 4 bins for the Njets ≥ 2 category. The number of bins are limited by available
MC statistics and are based on the experience from earlier publications (see Ref. [73]
and Ref. [72]). In the Figures 9.1-9.3 the remapped mT distribution for a 300 GeV, 600
GeV and 1 TeV SM-like Higgs are shown for the ee and eµ final state. The mapping is
performed individually for each lepton flavor and jet multiplicity.
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Figure 9.1.: The distributions show the remapped mT distribution for a 300 GeV SM-
like Higgs in 0, 1 and ≥ 2 jet signal region. The left plots are the remapped
mT distributions in the ee final state, the right plots correspond to the eµ
final state.
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Figure 9.2.: The distributions show the remapped mT distribution for a 600 GeV SM-
like Higgs in 0, 1 and ≥ 2 jet signal region. The left plots are the remapped
mT distributions in the ee final state, the right plots correspond to the eµ
final state.
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Figure 9.3.: The distributions show the remapped mT distribution for a 1000 GeV SM-
like Higgs in 0, 1 and ≥ 2 jet signal region. The left plots are the remapped
mT distributions in the ee final state, the right plots correspond to the eµ
final state.
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In the fit, extrapolation factors (normalization factors NF) from the control regions to
the signal regions are used for the backgrounds in order to describe the fitted background
rates in the signal region. Moreover, among the various control regions the background
rates are extrapolated. For a single mT bin in a given final state (e.g. lepton flavor
and jet multiplicity) the likelihood can be written as a product of conditional Poisson
probabilities P (N |µ) 1:

L(µ, µB) = P (N |µ · S + µb · bexp
SR )× P (M |µb · bexp

CR), (9.1)

where bexp
CR is the expected background yield in the control region, bexp

SR the expected
background yield in the signal region, S the expected yield of signal events in the signal
region, µ is the signal strength parameter and µb the signal strength parameter for the
background b.

For the high mass analysis the background treated in this way is the top background for
Njets = 1 and Njets ≥ 2 and the WW background for Njets = 0 and Njets = 1. In the low
mass analysis the Drell-Yan and the non-WW background is also treated in this way for
both 0 and 1 jet. The full likelihood can be written as:

L(µ, ~θ) = {
∏

k=eµ,µe,ee,µµ

Njets∏
j=0

Nbins∏
i=1

P (Nijk|µ · Sijk +
Nbg∑
m

bijk)} × {
Nθ∏
i=1

N(θ̃|θ)}, (9.2)

which contains a product over the mT bins, a product over lepton flavor and a product
over the jets in the final state. The background yields bijk are scaled by response func-
tions ν which depend on the nuisance parameters θ. The final term ∏Nθ

i=1N(θ̃|θ) is the
product over the nuisance parameters (NP). The NP correspond to the various system-
atic variations and the background estimations in the control regions of the analysis, the
collection of the nuisance parameters is represented by ~θ. The nuisance parameters are
divided into four categories:

1. Flat systematics: Systematics which do not affect the shape of themT distribution
(like the 2.8 % uncertainty on the luminosity, see section 8.4) take the form
νflat(θ) = kθ. The parameter k is determined via a measurement of νflat(θ) at
θ = ±1. For such uncertainties the constraint term on θ present in the likelihood
is unit Gaussian and kθ is log-normally distributed [63].

2. Shape systematics: In the case of systematics affecting the shape of mT (like
lepton uncertainties, see section 8.1), the systematic is separated into a shape
component and a flat component in such a way that the pure shape component has
no influence on the event yields. The flat component is then treated as summarized
above. The shape part is assumed to be distributed like a truncated Gaussian. In

1P (N |µ) = µNe−µ

N !
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practice, the uncertainty takes the form νshape(θ) = 1 + ε · θ, where ε is again
determined like k (see type 1). The constraint on θ is a unit Gaussian again. The
truncation of the shape part Gaussian is imposed in such a way that νshape(θ <
−1
ε

) = 0. Some systematics can have both a shape component and a normalization
component (type 1). For such systematics the same nuisance parameter θ is shared
between νflat(θ) and νshape(θ) [63].

3. Statistical uncertainties: Those uncertainties arise from MC statistics or data-
driven methods. The constraint on θ for such uncertainties is described by the
Poisson probability P (θ̃|θγ) for an auxiliary measurement of number of events θ̃.
For an uncertainty σb0 on the expectation of background events b0 the auxiliary
measured events θ̃ can be expressed as θ̃ = γ = b20

σ2
b0

and the form of systematics
can be expressed as νstat(θ) = θ [63].

4. Background control regions: From the high-statistics data control regions (see
chapter 7), which are used to constrain the normalization of certain backgrounds,
uncertainties can arise which are similar to the type 3 systematics. A slightly
different methodology is applied to properly take the contamination from other
backgrounds and from signal in the control regions into account. The constraint
on such θ is again a Poisson probability P (θ̃|γ(θ)) where θ̃ are the observed events
in the CR. The expectation value of the Poisson γ(θ) is µ ·s+ θ · btarget +∑Nbg−1

i bi.
The number btarget is the background in question for a specific CR [63].

A single nuisance parameter can affect multiple background rates as well as signal rates.
Some nuisance parameters are specific to certain physics processes (like the theoreti-
cal uncertainties for specific processes, see section 8.5). The normalization of individual
backgrounds dominates the shape variation of mT since individual backgrounds are not
equally distributed over the full mT spectrum.

To obtain the results like the 95 % confidence level (C.L.) exclusion limits, a modified
frequentist method known as the CLs method [84], [85] is used. In the CLs method the
ratio of the profiled likelihoods is used to test a certain hypothesis on µ:

q(µ) = −2 · ln L(µ, ~θ)

L(µ̂,
ˆ̂
~θ)

∣∣∣∣∣
~θ=~̂θ

(9.3)

where
ˆ̂
~θ and µ̂ are the values of ~θ and µ that maximize L. The numerator of Eqn. 9.3

depends on µ only since ~θ takes the value that maximizes L for a given value µ. The
level of agreement of a given hypothesis on µ and the data is quantified by the p0 value.
The p0 value integrates all values of q(µ) which are equal or less compatible with the

112



observed value of q(µ)Obs.:

p0 =
∫ ∞
q(µ)Obs.

f(q(µ)|µ) dq(µ), (9.4)

where f(q(µ)|µ) represents the probability density function (pdf) under a given assump-
tion on µ. In practice, the pdf for a given hypothesis on µ is obtained using Monte Carlo
pseudo-experiments.
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10. Results of the low mass analysis

The low mass analysis is designed to measure the signal strength and the couplings of
the resonance around 125 GeV. Over the last years the signal region definitions, the
background treatment and estimation as well as the fit procedure have been optimized
in order to be able to perform a high precision measurement. In the following, the results
obtained via the statistical treatment introduced in chapter 9 for the low mass analysis
will be presented and discussed. In all results presented for the low mass analysis, the
measurements in the 0 and the 1 jet signal region as well as the 2 jet VBF category
are exploited and both the 2011

√
s = 7 TeV and the 2012

√
s = 8 TeV datasets are

incorporated (see chapter 4). All results presented in this chapter are published in Ref.
[70].

10.1. Signal strength

The test statistic q(µ) defined in equation 9.4 is used to quantify the agreement of
the observed data, the background only hypothesis and the background plus signal
hypothesis. As signal a Standard Model Higgs boson with a mass of 114 GeV < mH ≤
200 GeV is assumed. The probability that the background fluctuates to reproduce the
observed data is expressed via the p0 value which is computed using q(µ) with µ = 0.
In Figure 10.1 the p0 value as a function of mH is shown. A broad minimum around
125 GeV can be seen where the broadness of the curve reflects the rather poor mass
resolution of the H→WW (∗)→ `ν`ν analysis. The absolute minimum of the p0 value is
found at mH = 130 GeV, which corresponds to an observed 6.1σ significance. Owing to
the fact that the ATLAS H → ZZ → 4` and H → γγ analyses have measured the mass
of the resonance to be 125.36± 0.41 GeV all results of the low mass analysis are quoted
for this mass. The observed significance for 125.36 GeV is also 6.1σ and the expected
significance for mH = 125.36 GeV is 5.7σ.
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10.1 Signal strength
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Figure 10.1.: Local p0 as a function of mH. The measurements of the 0, 1 and 2 jet cate-
gory are exploited and both the 2011 and 2012 dataset is incorporated. The
black dashed curve shows the expected p0 value at each mass hypothesis
mH. The dashed blue curve labeled “Exp. mH = 125.36 GeV” shows the
expected p0 value given the presence of a signal arising from a Higgs boson
with a mass of mH = 125.36 GeV.

The observed significance of 6.1σ establishes a discovery of the H→WW (∗)→ `ν`ν
signal. In the left plot of Figure 10.2 the observed signal strength µ is shown as a
function of mH. The signal strength µ represents the ratio of observed production cross
section times branching ratio over the theoretical prediction of the product of production
cross section and branching ratio. The observed µ is compatible with zero for masses
mH > 160 GeV and shows a sharp increase to a value of one at mH ≈ 125 GeV. The in-
crease of µ for smallmH can be interpreted by the presence of aH→WW (∗)→ `ν`ν signal
arising from a Higgs boson with a mass of mH = 125.36 GeV. Moreover, is the increase
at small mH caused by the relatively poor mass resolution of the H→WW (∗)→ `ν`ν
analysis. The dependence of µ on the mass hypothesis mH reflects the branching ratio
(see Figure 2.2) of a Standard Model Higgs boson to decay into twoW bosons. The right
plot in Figure 10.2 shows the negative log-likelihood as a function of µ and mH where
the point (µ = 1,mH = 125.36 GeV) lies well within the 68 % C.L. contour which can
be interpreted as a good agreement between the prediction by the Standard Model and
the observed data.
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10.1 Signal strength
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a Standard Model Higgs boson with a mass of
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Figure 10.2.: Signal strength µ as a function of mH.

The signal strength parameter µ can be used to exploit the signal strength of the inclu-
sive signal strength as well as the signal strength of individual production mechanisms.
To measure the signal strength of the individual production mechanisms, µggF for the
gluon fusion production and µVBF for the vector boson fusion, one of the two is profiled1

(for example µVBF gets profiled to measure µggF and vice versa) while the other signal
strength parameter can run free in the likelihood fit. Moreover, the background contri-
butions in the likelihood fit are profiled to the expectation in the signal regions while the
extrapolation factors from the various control regions are applied. The Standard Model
predictions of the ggF and VBF production cross section for Higgs bosons with a mass
of mH = 125.36 GeV are assumed. In the left plot of Figure 10.3 a likelihood scan as
a function of µggF and µVBF is shown for a mass hypothesis of mH = 125.36 GeV. The
minimum of the likelihood scan yields the value of µ to be

µ = 1.08 +0.16
+0.15(stat.) +0.16

−0.14(syst.)
µ = 1.08 +0.22

+0.20
(10.1)

while the signal strength of the individual production mechanisms are measured to be

1Profiling a parameter in the likelihood represents the procedure of reducing the number of free
parameters in minimization of the likelihood.
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10.2 Couplings scaling factors

µggF = 1.01 ± 0.19(stat.) +0.19
−0.16(syst.)

µVBF = 1.28 +0.44
−0.40(stat.) +0.29

−0.20(syst.).
(10.2)

The measured values of µggF and µVBF can be used to test the agreement of the couplings
of the Higgs boson to fermions and (vector) bosons with the SM predictions.

10.2. Couplings scaling factors

A parametrization is used where a scaling factor κF is introduced for the couplings to
fermions and a scaling factor κV for the couplings to bosons. In the Standard Model
case, both scaling factors yield a value of one. The scaling of the branching fraction of
the Higgs boson to decay into two W bosons is subsequently parametrized in a way
that it is proportional to κ2

V and inversely proportional to a linear combination of κ2
F

and κ2
V where the latter term represents the dependence of the total branching ratio on

the scaling of the couplings. More details of the parametrization of the couplings used
can be found in Ref. [59]. The right plot in Figure 10.3 shows the likelihood scan as
a function of κV and κF . The obtained best fit value yields the following values of the
scaling factors:

κF = 0.92 +0.30
−0.23

κV = 1.04 +0.10
−0.11,

(10.3)

which shows a good agreement of the observed data and the predicted couplings of the
Standard Model Higgs boson. Exploiting the couplings at high precision can help in the
search for new physics beyond the Standard Model which might have a relatively small
impact on the couplings of the Higgs boson.
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10.3 Exclusion limits
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Figure 10.3.: Likelihood scans as a function of µggF and µVBF and as a function of κV
and κF .

10.3. Exclusion limits

As mentioned earlier, the low mass analysis has been optimized for a Higgs boson with a
mass of 125 GeV. Due to the comparably poor mass resolution in the H→WW (∗)→ `ν`ν
channel, the analysis is sensitive up to (SM) Higgs boson masses of ≈ 200 GeV. Hence
exclusion limits are obtained in the mass range 110 GeV ≤ mH ≤ 200 GeV for a SM
Higgs. The modified frequentist method CLS [84], [85] is used to determine exclusion
limits where a given SM Higgs mass is excluded at 95 % C.L. if the value µ = 1 is
excluded at that mass hypothesis. The exclusion limits obtained in the low mass analysis
are presented in Figure 10.4 where it is expected to exclude a SM Higgs down to 114
GeV. The observed limit excludes a SM Higgs in the mass range 132 GeV < mH <
200 GeV. The clear access of the observed exclusion over the expected exclusion limit
curve, can be interpreted via the presence of a signal arising from a Higgs with a mass
of 125.36 GeV. The broadness of the access is a result of the low mass resolution in the
H→WW (∗)→ `ν`ν channel.
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10.3 Exclusion limits
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Figure 10.4.: CLS exclusion limits obtained from the low mass analysis. The solid black
line represents the observed exclusion limit and the dashed black line rep-
resents the expected exclusion limit. The yellow (green) bands around the
expected limit represent the 2 (1) σ uncertainties on the expected value.
The solid red line corresponds to the expected exclusion limit given the
presence of a SM Higgs with a mass of 125.36 GeV.
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11. Results of the high mass
analysis

The high mass analysis is designed to search for new physics beyond the Standard
Model. As shown in section 6.4.2 no excess in the observed data over the background
expectation is seen. Therefore, upper limits on the signal strength as well as on the
production cross section times branching ratio at the 95 % confidence level (C.L.) using
the CLS are derived for the following scenarios: Additional Standard Model Higgs (SM-
like), the narrow width approximation (NWA) and the real electroweak single scenario
(EWS). The results for the high mass analysis are obtained from the 2012 dataset only.
All results of the high mass analysis can be found in Ref. [63].

11.1. Exclusion limits for the SM-like scenario

In Figure 11.1 the exclusion limits on the signal strength µ for a SM-like Higgs boson are
shown separately for the ggF category (Fig. 11.1a), the VBF (Fig. 11.1b) category and
the combination of both (Fig. 11.1c). To obtain the limits for the ggF (VBF) production
mechanism separately, the signal-strength parameter for VBF (ggF) is profiled to a
value of µ = 1 and the signal arising from the VBF (ggF) production is treated as a
background. In each of the presented results of the high mass analysis, all high mass
signal regions are incorporated (see section 6.4.2). The slight lack of data for the ggF
limits as presented in Fig. 11.1a (also visible in Fig. 6.14b) has been studied in detail
and was found to be a statistical downward fluctuation of data in the different flavor, 0
jet category. The observed limit agrees with the expected limit over the full mass range
at the 2σ level. A SM-like Higgs boson with a mass of mH ≤ 661 GeV can be excluded
at 95 % confidence level and no statistical significant excess was found.
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11.1 Exclusion limits for the SM-like scenario
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Figure 11.1.: The plots show the 95 % C.L. upper limits on µ for a SM-like Higgs sep-
arately for the ggF category, the VBF category and the combination of
both. The dashed black line represents the expected values, the solid black
line represents the observed limits. The yellow (green) bands around the
expected limit represent the 2 (1) σ uncertainties on the expected value.

The limits on the signal strength µ for the SM-like scenario can be interpreted in a
different way given that the signal strength µ represents the ratio of production cross
sections σ

σTh.
where σTh. is the theoretical value predicted by the SM. Multiplying the

limit on µ with the theoretical value of the production cross section times branching
ratio of the SM-like signal processes, allows to put upper limits on the Higgs boson
production cross section times branching ratio. In Figure 11.2 the obtained limits on the
Higgs boson production cross section times branching ratio are presented for the ggF
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11.1 Exclusion limits for the SM-like scenario

category (Fig. 11.2a), the VBF category (Fig 11.2b) and for the combination of both
categories (Fig 11.2c). The theoretical prediction of the Higgs boson production cross
section times the branching ratio is shown as a blue line with the corresponding ±1σ
uncertainties.
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Figure 11.2.: The plots show the 95 % C.L. upper limits on Higgs boson production
cross section for a SM-like Higgs separately for the ggF category, the VBF
category and the combination of both. The dashed black line represents
the expected values, the solid black line represents the observed limits.
The yellow (green) bands around the expected limit represent the 2 (1) σ
uncertainties on the expected value. The theoretical cross predicted by the
SM times the branching ratio is shown as a blue line.
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11.2 Exclusion limits for the NWA scenario

11.2. Exclusion limits for the NWA scenario

In the NWA scenario, only the limits on the Higgs-like production cross section times
branching ratio are shown and no combination of the ggF and VBF category is per-
formed. The latter is because the scaling of the couplings to fermions and to bosons
from a NWA Higgs-like boson are not predicted by the SM. A combination of the ggF
and VBF category would assume a certain value of the scaling. The branching ratios of
the NWA Higgs-like boson are assumed to be the same as for the SM Higgs boson. A
NWA Higgs-like boson is searched in the region 200 GeV ≤ mNWA

H ≤ 2 TeV. In Figure
11.3 the upper limits on the production cross section times branching ratio for a NWA
Higgs-like boson are presented separately for the ggF and the VBF category. No sta-
tistical significant excess of the observed limit over the expected limit was found. The
slight lack of data present in both the ggF and VBF category was analyzed and found
to be a statistical downward fluctuation of data. The sharp rise of the observed limits
at around mNWA

H = 1.6 TeV, present in both the ggF and VBF category was also found
to be a statistical fluctuation of data.
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Figure 11.3.: The plots show the 95 % C.L. upper limits on the NWA Higgs-like bo-
son production cross section times branching ratio separately for the ggF
category and the VBF category. The dashed black line represents the ex-
pected values, the solid black line represents the observed limits. The yellow
(green) bands around the expected limit represent the 2 (1) σ uncertainties
on the expected value.

In Table 11.1 the 95 % upper limits on σ · BR are presented for mNWA
H = 300 GeV,

600 GeV, 900 GeV, 1.2 TeV, 1.6 TeV and 2 TeV separately for the ggF and VBF cate-
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11.3 Exclusion limits for the EWS scenario

gories.

Table 11.1.: 95% C.L. upper limits on the production cross section times branching ra-
tio corresponding to several Higgs mass hypotheses, when the Higgs has a
narrow lineshape.

mNWA
H (GeV) 300 600 900 1200 1600 2000

σ ·BR (fb)
ggF 156 27.3 9.68 5.64 7.87 7.21
VBF 25.2 12.1 4.28 2.20 2.60 2.59

11.3. Exclusion limits for the EWS scenario

The electroweak singlet scenario is introduced in section 2.4. The limits are obtained as
a function of mh and got evaluated for the width range 0.2 · ΓSM ≤ Γh ≤ 1.0 · ΓSM with
a step size of 0.2. The additional branching ratio of the heavy scalar resonance BRh,new
is assumed to be equal to zero. The ggF and VBF categories got combined, which is
valid since the scaling parameter κ is known. In Figure 11.4 the upper limits on the
production cross section times branching ratio are shown for the additional electroweak
singlet Higgs-like bosons h, for five different width scenarios. No statistical significant
excess of the observed limit over the expected limit was found. The observed limit agrees
with the expected limit at the 1σ level over the full mass range.
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11.3 Exclusion limits for the EWS scenario
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12. Summary and outlook

After a century-long pursuit, a resonance at ≈ 125 GeV was detected which is to this day
in agreement with the predictions of the Standard Model Higgs boson. The subsequent
detailed measurements of the properties of this new state increased the probability that
the new resonance is indeed the long sought Higgs boson.

This thesis presents the measurement of the fermionic and bosonic couplings of the Higgs
boson via the H→WW (∗)→ `ν`ν decay channel as well as the search for heavier Higgs
like particles in the same decay channel. Data driven estimations of the various Standard
Model background processes are used to minimize the dependence on generator modeling
of the background processes. A cut based approach is used to define signal regions from
which the signal strength and coupling scaling factors for the resonance at ≈ 125 GeV
are obtained. Furthermore, signal regions are defined using also a cut based approach, in
order to obtain exclusion limits for scenarios with heavier, Higgs like particles. A signal
strength µ of

µ = 1.08 +0.16
+0.15(stat.) +0.16

−0.14(syst.)
µ = 1.08 +0.22

+0.20
(12.1)

could be measured for a resonance at mH = 125.36± 0.41 GeV with the signal strengths
of the individual dominant production mechanisms

µggF = 1.01 ± 0.19(stat.) +0.19
−0.16(syst.)

µVBF = 1.28 +0.44
−0.40(stat.) +0.29

−0.20(syst.).
(12.2)

Figure 12.1 shows the measured signal strength of the H→WW (∗)→ `ν`ν decay channel
in comparison with the H → γγ, H → ZZ → 4`, V H → bb̄ and the H → ττ analysis.
The individual decay channels show a good agreement with the SM predictions and no
clear trend is observed.
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Figure 12.1.: Signal strengths of individual Higgs boson decay channels measured with
the ATLAS data. The results of the individual decay channels are published
in the references quoted within the plot [86].

The signal strength parameter of the individual production mechanisms µggF and µVBF
can be utilized to measure the scaling of the couplings of the SM Higgs boson to fermions
and bosons. The measured values are

κF = 0.92 +0.30
−0.23

κV = 1.04 +0.10
−0.11,

(12.3)

which shows also a good agreement of the data and the SM predictions.

The observation of the H→WW (∗)→ `ν`ν signal with a statistical significance of 6.1σ
combined with the good agreement of the measured signal strengths and couplings scal-
ing factors κ with the SM predictions, confirm the presence of the SM Higgs boson.

The H→WW (∗)→ `ν`ν decay channel is very well suited for the search of heavier Higgs
like particles under the assumption that the branching ratio of a new, heavier state shows
a similar distribution as for the SM Higgs. The total decay width Γ of such a heavier
Higgs like state is a free parameter in the search for heavy Higgs like bosons. Upper
limits on the production cross section times branching ratio have been derived for three
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different scenarios.

In the electro weak singlet (EWS) scenario, the SM Higgs sector is incorporated and
a real electroweak singlet is added to the theory. A EWS Higgs was searched in the
mass range 200 GeV ≤ mH ≤ 1 TeV while the decay width of the signal was varied from
0.2 · ΓSM ≤ Γ ≤ 1.0 · ΓSM with ΓSM being the decay width of a SM like Higgs with
mass mH. No statistically significant excess of the data over the expectation has been
observed.

In order to perform a model independent search, a hypothetical, additional Higgs with
a fixed decay width of ΓNWA = 1 GeV was searched in the mass range 200 GeV ≤ mH ≤
2 TeV an no statistical significant excess could be seen over the full mass range. As a
third test, a Higgs boson with a width and lineshape of a SM Higgs was searched in the
mass range 200 GeV ≤ mH ≤ 1 TeV and also in this search no statistical significant excess
of the data over the expectation has been observed. Moreover, a SM-like Higgs could
be excluded up to a mass of mH = 661 GeV. The absence of any evidence of additional
Higgs like particles confirm the predictions of the Standard Model.

The search for CP-even high mass states will be one of the main tasks during the second
run (Run 2) of the LHC with a center of mass energy of

√
s = 13 TeV. It is expected

that the sensitivity for masses mH ≥ 1 TeV during Run 1 as presented in this thesis, is
overtaken with 6−7 fb−1 at

√
s = 13 TeV [87]. Figure 11.3 shows the upper limits on the

product of production cross and branching ratio for a Higgs like particle with a decay
width of 1 GeV. The sensitivity of the presented analysis does not get worse at the 2 TeV
scale hence the search for a NWA Higgs could be extended to 3 TeV or more.

Over the last years a very complex analysis framework has been developed in a team
of ≥ 30 scientists from all around the globe, which allowed it to observe the decay of
a Standard Model Higgs boson with a mass of mH = 125.36 GeV into two W bosons,
which subsequently both decay into a lepton neutrino pair. The sensitivity of the coupling
measurements of the SM Higgs boson in H→WW (∗)→ `ν`ν decays is (also) limited by
theoretical uncertainties hence further exploiting those observables can help to achieve
a better understanding of nature.
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