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Synopsis

In this thesis, an optimisation study of cut-based Standard Model Higgs boson
searches in τ+τ− final states produced in vector boson fusion (VBF) is presented.
The VBF production mode gives rise to a distinctive event topology, which is used
to suppress background events. For VBF processes, a marginal jet activity in the
central region of the detector is expected. Thus, the application of a central jet veto
(CJV) improves the signal-to-background ratio. Different definitions of the CJV are
compared in terms of significance for signal selection in this thesis. The study was
conducted with data corresponding to an integrated luminosity of 13 fb−1 collected
by the Atlas detector in proton-proton collisions at a centre-of-mass energy of√
s = 8 TeV in 2012.

Die vorliegende Arbeit beschreibt eine Optimierungsstudie zur schnittbasierten
Suche nach dem durch Vektorbosonfusion (VBF) produzierten Standard Modell
Higgsboson in τ+τ− Endzuständen. Durch die charakteristische Topologie eines
VBF-Ereignisses können Untergrundereignisse unterdrückt werden. Da für ein VBF
Ereignis nur marginale Jet-Aktivität im Zentralbereich des Detektors erwartet wird,
kann ein zentrales Jet Veto genutzt werden, um zwischen Signal und Untergrun-
dereignissen zu unterscheiden. In dieser Arbeit wurden verschiedene Definitionen
eines solchen zentralen Jet Vetos untersucht, um die Signifikanz der Signalselek-
tion zu optimieren. Die Studie wurde mit den in 2012 mit dem Atlas Detektor
gesammelten Daten in Proton-Proton Kollisionen durchgeführt. Der ausgewertete
Datensatz entspricht einer integrierten Luminosität von 13 fb−1 bei einer Schwer-
punktsenergie von

√
s = 8 TeV.
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1. Introduction

Since the dawn of time, mankind is seeking for the answers to the great questions
of existence. Where do we come from? What are we made of? Why does our world
and the universe evolve as we observe it?

Modern particle physics approaches these topics, by investigating the physics of
the fundamental constituents of matter. Formulated in the 1970s, the Standard
Model of particle physics (SM) contains our current knowledge about the elemen-
tary particles which matter is made of. These particles are grouped into quarks and
leptons, which interact via three fundamental forces, mediated by gauge bosons. The
masses of these fundamental particles is explained by the Higgs mechanism, which
gives rise to another, substantial particle - the Higgs boson H.
Within the last decades, many of the predictions of the SM have been tested with
high precision. Several experimental facilities, like Lep, Tevatron and Hera, suc-
ceeded in confirming and measuring properties of the elementary particles. Despite
the success of the SM, several shortcomings arise from unanswered questions, like
the origin of dark matter and the asymmetry between matter and antimatter in the
universe. In order to approach these questions, new particle accelerators are built
to increase the explored energy regime.

The Large Hadron Collider (Lhc) at Cern is currently the world’s most powerful
particle accelerator, colliding bunches of protons at a design centre-of-mass energy
of
√
s = 14 TeV. The main experiments Atlas, Cms, Alice and Lhcb are located

at four separated interaction points.

In Summer 2012, the Atlas and the Cms collaborations announced the discov-
ery of a new boson in the context of searches for the SM Higgs boson. This is a
tremendous success for the Lhc’s research programme and marks the beginning of
a new era in modern particle physics. In order to study the nature of this new bo-
son and eventually confirm that it is exactly the predicted SM Higgs boson, precise
measurements of its properties need to be performed. An important step towards
this confirmation is a proof of the boson’s coupling to fermions, which should be
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1. Introduction

proportional to their masses. For that reasons, dedicated searches in τ+τ− final
states are performed, aiming at a discovery of the H → τ+τ− process.

In this thesis, an optimisation study of cut-based SM Higgs boson searches in
τ+τ− final states produced in vector boson fusion (VBF) is presented. The VBF
production mode gives rise to a distinctive event topology, which is used to suppress
background events. The study was conducted with 13 fb−1 data collected by the
Atlas detector at

√
s = 8 TeV proton-proton collisions in 2012.

After this introduction, a summary of the Standard Model is given in Chapter (2).
In particular, Higgs physics and phenomenology, as well as the recent discovery are
discussed. Furthermore, characteristics of physics at hadron colliders are presented.
In Chapter (3), an overview of the experimental setup, namely the Lhc and the
Atlas detector is given. Afterwards, in Chapter (4), the object definitions are
presented. The datasets and the physics process modelling methods used for the
study are discussed in Chapter (5). Thereafter, the analysis strategy, the control
study and the final optimisation study is presented in Chapter (6). The thesis is
concluded by a summary and outlook in Chapter (7).
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2. The Standard Model and Higgs
Physics

In this chapter, an introduction to the Standard Model of Particle Physics is given,
presenting some of its remarkable successes as well as stating shortcomings and
contradictions. As a crucial ingredient, the Higgs mechanism is briefly discussed and
theoretical as well as experimental implications are presented. Finally, an overview
of recent experimental results concerning the discovery of a Higgs-like boson is given.

2.1. The Standard Model of Particle Physics

The Standard Model of Particle Physics (SM) is currently the most successful and
comprehensive theoretical model for the description of elementary particles and their
interactions. The SM in its current formulation was developed in the 1970s. Since
then experimental measurements confirmed the predictions of the SM, the most
recent being the discovery of a Higgs-like boson [1–3].

The SM is a renormalisable and locally Lorentz-gauge invariant quantum field
theory. Internal symmetries of the unitary gauge group

SU(3)C × SU(2)L ×U(1)Y (2.1)

give rise to the fundamental interactions and properties of the SM particle fields. C
stands for colour, L for left-handedness and Y for the weak hypercharge, altogether
depicting characteristics of the symmetry transformations related to each group.
The SM can be formulated using the Lagrange formalism [1, 4]. By requiring local
gauge invariance under transformations described by the group in Equ. 2.1, the
force-mediating fields are introduced. Following Noether’s Theorem, the internal
symmetries yield conserved quantities for the system [5]. The SM in its current
form describes the electromagnetic, the weak and the strong interaction. Gravity
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2. The Standard Model and Higgs Physics

is not included in the theory, but can be neglected at energy scales accessible with
current collider experiments. Hence the SM is understood as an effective quantum
field theory, since it is expected to fail to describe physics at energies where gravity
effects become significant [6].
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Figure 2.1.: A representation of the particles described by the SM [7]. All particles
have been experimentally verified and their properties measured to
high precision [8]. The nature of the recently discovered Higgs-like
boson is not yet completely verified.

A representation of the particles incorporated in the SM together with some of
their properties is shown in Fig. 2.1. A set of quantum numbers for each particle
determines their characteristics and behaviour.
The leptons and quarks are grouped together as fermions and arranged in three
generations with increasing masses from left to right. Each fermion carries spin-1/2.
With an integer spin of 1, vector-bosons are the force mediators in the SM and
behave fundamentally different from fermions. The electromagnetic force is me-
diated by the massless photon γ, the weak force by the massive Z0, W± bosons
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2.1. The Standard Model of Particle Physics

and the strong force by eight massless gluons g. The only scalar boson with spin-0
incorporated in the SM is the Higgs boson H.

The electrically charged leptons ` = e, µ, τ form, together with their correspond-
ing neutral neutrinos ν` = νe, νµ, ντ left-handed doublets (ν`, `) with weak isospin
components I3 = ±1/2. In the quark sector such a doublet consists of an up-type
quark qu = u, c, t with electric charge 2/3e and a down-type-quark qd = d, s, b with
charge −1/3e. Furthermore right-handed particles form singlets with a weak-isospin
component I3 = 0. For each fermion there also exists an antiparticle with the same
properties but opposite additive quantum numbers, like electrical and colour charge.

2.1.1. Quantum Chromodynamics

The theoretical formulation of the strong force is called Quantum Chromodynamics
(QCD) and described by the non-Abelian local gauge symmetry group SU(3)C . The
generators of this group can be represented by the eight Gell-Mann matrices λi.
The quantum numbers of SU(3)C are three colours, referred to as red, green and
blue. Only quarks and gluons participate in the strong interaction, the latter being
the mediators of the interactions. The gluons carry a colour charge and an anti-
colour charge, while the (anti-)quarks only carry one (anti-)colour charge. Gluons
are therefore able to interact among each other, causing the non-Abelian nature of
QCD.
The QCD-Lagrangian can be written as

LQCD =
∑
q

ψ†q

(
iγµ(∂µ + 2πi αsλcAcµ)−mq

)
ψq −

1
4G

a
µνG

µν
a (2.2)

where Gaµν denote the field strength tensors, λcAcµ the gluon fields contracted with
the Gell-Mann matrices and αs the strong coupling constant.

The running coupling constant αs describes the strength of the energy-dependent
coupling between quarks and gluons. The coupling constant can be expressed as a
function of an arbitrary energy scale, which in the context of the SM is commonly
ΛQCD ≈ 200MeV. An evaluation of the coupling constant at an energy Q is possible
by

αs(Q2;Q > ΛQCD) = 12π
(33− 2nf ) ln

(
Q2

ΛQCD

) (2.3)
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2. The Standard Model and Higgs Physics

where nf denotes the number of quark flavours available at the energy scale Q with
nf = 6 for Q > mtop.

Inspecting Equ. 2.3 it can be seen that for large energies, or short distances, the
strength of the coupling decreases. This behaviour incorporates two characteristic
effects of the strong interaction:

• for short distances quarks act like free particles since the strong coupling con-
stant is small. This effect is called asymptotic freedom.

• for large distances, or low energy, quarks experience a confining potential.
When separating two quarks it becomes energetically more favourable at some
point to create a new quark-antiquark pair than separating the quarks fur-
ther. The created quarks then form bound states with the original ones.
This is called confinement and explains why quarks appear only in bound,
i.e. hadronic (qqq) or mesonic (qq̄) states. Perturbative description of this
long-distance part of the strong force is not possible since the coupling con-
stant becomes too large for the perturbative expansion to work.

2.1.2. Theory of Electroweak Interaction

The electroweak theory represents the unification of the electromagnetic and the
weak interaction [9–12]. It is described by the combination of symmetry groups
SU(2)L ×U(1)Y .

The non-Abelian unitary group SU(2)L is generated by the three Pauli matrices σi
and implies the conservation of the third weak isospin component I3. Its three gauge
fields are W i

µ with i = 1, 2, 3. Right-handed fermions with the trivial isospin I3 = 0
are invariant under SU(2)L transformations and form singlets which therefore do not
interact weakly. This causes the parity-violation of the weak interaction [13]. Left-
handed fermions transform under SU(2)L and appear as doublets with I3 = ±1/2.
The generator of the Abelian symmetry group U(1)Y is the weak hypercharge Y
The corresponding gauge field is Bµ.

6



2.1. The Standard Model of Particle Physics

The electroweak part of the SM Lagrangian can be written as

LEW = ψ†Lγ
µ
(
i ∂µ − g

2σjW
j
µ −

g′

2 Y Bµ
)
ψL

+ ψ†Rγ
µ
(
i ∂µ − g′

2 Y Bµ
)
ψR

− 1
4
(
W j
µνW

µν
j +BµνB

µν
)

(2.4)

where g and g′ are coupling constants. The three terms describe the interaction of
left-handed particles, the interaction of right-handed particles, and the self interac-
tion or field strength of the gauge fields.

The physical mass eigenstates of the electroweak interaction are the gauge bosons

Aµ = W 3
µ sin θW +Bµ cos θW (photon γ)

Zµ = W 3
µ sin θW −Bµ cos θW (Z−Boson Z0)

W±µ = 1√
2

(
W 1
µ ∓ iW 2

µ

)
(W−Bosons W±) (2.5)

with θW denoting the weak mixing angle, called Weinberg-angle. This angle relates
to the electroweak coupling constants via

sin θW = g′√
g2 + g′2

. (2.6)

This value is not predicted by the SM and has to be determined experimentally. It
is measured to be sin2 θW = 0.21316±0.00016 [8]. The gauge bosons in Equ. 2.5 are
massless. However, the Z0 and the W± bosons discovered in the 1980’s at the UA1
and UA2 experiments at Cern are massive with mW = (80.399 ± 0.023) GeV and
mZ = (91.1876± 0.0021) GeV [8, 14–16]. In the SM, these masses can be accounted
for by the Higgs mechanism which is presented in Sec. (2.1.3).

Another important aspect of electroweak theory is the weak interaction in the
quark sector. Mass and weak eigenstates of quarks q and q′ are not identical, but
related by the unitary Cabibbo-Kobayashi-Maskawa (CKM) matrix

d′

s′

b′

 =


Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb



d

s

b

 (2.7)

with non-vanishing off-diagonal elements [8, 13, 17]. The latter imply flavour-
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2. The Standard Model and Higgs Physics

changing charged currents mediated by W± bosons. So far, no flavour-changing
neutral currents (FCNC) have been observed [18]. The off-diagonal terms of the
CKM matrix are complex numbers. This gives an explanation for CP-violation in
the SM [13].

2.1.3. The Higgs Mechanism

A mass term for a gauge boson X in the SM Lagrangian would naively require a
term like m2XµX

µ which would spoil local gauge symmetry. The Higgs mechanism,
developed in the 1960s, offers an elegant solution incorporating spontaneous sym-
metry breaking. It introduces masses for gauge bosons without violating the gauge
symmetry [6, 19].
The Higgs mechanism introduces a complex scalar field doublet Φ, together with its
potential V (|Φ|)

Φ =
(

Φ+

Φ0

)
(2.8)

V (|Φ|) =µ2
(
Φ†Φ

)
+ λ

(
Φ†Φ

)2
. (2.9)

Thus, a new term is added to the SM Lagrangian

LHiggs =
(
∂µΦ + ig2σjW

j
µΦ + ig

′

2 Y BµΦ
)† (

∂µΦ + ig2σ
jWµ

j Φ + ig
′

2 Y B
µΦ
)

− V (|Φ|) . (2.10)

The potential in Equ. 2.9 has two parameters µ2 and λ. The latter has to be positive
definit to ensure a lower boundary for the potential.

A positive µ2 merely leads to a spin-0 particle with mass µ [20]. For a negative
µ2 < 0 the potential is sketched in Fig. 2.2 with a non-zero global minimum for the
neutral component of Φ at

〈Φ〉0 =

 0
1√
2v

 with v =

√
−µ

2

λ
.

The non-vanishing vacuum expectation value (VEV) v introduces the spontaneous
symmetry breaking: the ground state at 0 is only meta-stable, a system may now
spontaneously exit this state towards the global minimum at v. This global minimum

8



2.1. The Standard Model of Particle Physics

for Equ. 2.9 is degenerate and experimentally measured from muon decays and its
relation to the Fermi-coupling constant to be v ≈ 246 GeV [1, 8].

Figure 2.2.: Potential V (Φ) of the Higgs field. The movement of the ball represents
spontaneous symmetry breaking of the system [21].

Using first order perturbation theory and the unitary gauge, the scalar field in
Equ. 2.8 can be written as

Φ = 1√
2

(
0

v +H(x)

)
(2.11)

where H(x) denotes the physical Higgs field or Higgs boson. By plugging Equ. 2.11
into the Lagrangian in Equ. 2.10 and rewriting the expression in terms of the physical
gauge bosons in Equ. 2.5 it follows

LHiggs = 1
4g

2v2W+
µ W

−,µ + 1
8(g2 + g′2)v2ZµZ

µ (+0 ·AµAµ)︸ ︷︷ ︸
gauge boson mass terms

+LHkin + LHmass + LHCouplings︸ ︷︷ ︸
Higgs physics terms

. (2.12)

The last three terms in Equ. 2.12, describing the kinetic energy, mass and couplings
of the Higgs boson, are explained in Sec. (2.2.1). The gauge boson mass terms yield

9



2. The Standard Model and Higgs Physics

the relations

mA = 0 = mγ

mZ = 1
2v
√
g2 + g′2

mW = 1
2vg = mZ cos θW

and hence the photon is massless, while the bosons Z0 and W± are massive. The
masses of the latter are dependent on the VEV and the weak coupling constants
g, g′. The Higgs mechanism therefore introduces particle masses without spoiling
the symmetry but introducing a new field with a non-trivial ground state.

With the Higgs mechanism, fermion masses can also be implemented in the SM.
For this a Yukawa coupling between fermions and the Higgs field is introduced by
adding

LYuk =− i
∑
f

λfψ
†
fΦψf (2.13)

to the SM Lagrangian. The parameter λf describes the coupling strengths of the
fermions f to the Higgs field, resulting in fermion mass terms

mf = λfv√
2

. (2.14)

2.1.4. Open Questions

The SM is a very successful theoretical framework and explains many experimental
observations at hadron colliders at high precision. Though, there are several short-
comings and open questions which indicate the need for modifications or extensions
of the SM.

There are experimental results which differ from SM predictions. For example,
recent experimental results indicate, that only ∼ 5 % of the energy content observed
in the universe is described by the particles of the SM, the remaining 95 % is
composed of 27 % dark matter and 68 % dark energy [22]. The SM does not provide
an explanation for the nature of these constituents. Supersymmetric extensions of
the SM, like the MSSM, can provide a dark matter candidate. Another example
is the measurement of the anomalous magnetic moment of muons which reveales a

10



2.1. The Standard Model of Particle Physics

discrepancy to the SM expectation by 3.4 standard deviations [8].

Furthermore, there are some fundamental open questions which cannot be an-
swered within the SM. There is no explanation why quarks carry a third of the
electrons’s charge or why there are exactly three generations of fermions following
a mass hierarchy. The complicated group structure in Equ. 2.1 is expected to be
unified at very high energies which does not happen within the SM [23]. It is also
unclear how the asymmetry between the amount of matter and antimatter arose in
the early universe. The CP-violation predicted by the SM is too small to explain
this imbalance [24].

Another unsatisfactory problem is the fine-tuning or hierarchy problem. The
Higgs boson mass receives corrections from fermionic tree level loop diagrams which
are proportional to the fermions masses and a cut-off scale ΛUV at which quantum
gravity effects become important in absence of new physics. This scale is expected
to be close to the Planck mass mP ∼ 1019 GeV, which is several magnitudes larger
than the allowed Higgs mass between 100− 1000 GeV [23]. To obtain the low value
for the Higgs mass the parameter µ2 can be adjusted to cancel the contribution from
the mass correction. This adjustment would require the very precise cancellation of
two very large numbers. This fine tuning seems unnatural and unlikely [23].

11



2. The Standard Model and Higgs Physics

2.2. Higgs-Physics and Phenomenology

This section deals with the properties and phenomenology of the SM Higgs boson.
Furthermore recent results concerning the discovery of a Higgs-like boson are pre-
sented. Only if all of its properties are experimentally confirmed, a discovery of the
SM Higgs boson can be claimed with certainty.

2.2.1. Properties of the Higgs-Boson

Since the Higgs field in Equ. 2.8 is scalar the Higgs boson is a spin-0 particle. The
full part of the Lagrangian in Equ. 2.12 containing the physical Higgs field H is

LHiggs = 1
2∂µH∂

µH︸ ︷︷ ︸
kinetic term

− λv2H2︸ ︷︷ ︸
mass term

− (λvH3 + 1
4H

4 )︸ ︷︷ ︸
self coupling

(2.15)

+ 1
2 g

2vH W+
µ W

−,µ + 1
4 (g2 + g′2)vH ZµZ

−,µ︸ ︷︷ ︸
triple gauge boson couplings

(2.16)

+ 1
4 g

2H2W+
µ W

−,µ + 1
8 (g2 + g′2)H2ZµZ

µ︸ ︷︷ ︸
quartic gauge boson couplings

, (2.17)

encoding its properties and couplings. The mass of the Higgs boson is

mH =
√

2λ v =
√
−2µ2 (2.18)

with the unknown parameters λ and µ.

From theoretical constraints, boundaries for the Higgs mass can be set, dependent
on the cut-off scale ΛUV. Upper constraints can be derived by requiring unitarity
for tree-level contributions of scattering processes involving gauge bosons and the
Higgs boson. Furthermore, a breakdown of perturbation theory as well as occuring
coupling divergences - called triviality bound - constrain the upper value of the Higgs
mass.
Lower limits are achieved by the stability bound. In order to have a stable vacuum,
the potential in Equ. 2.9 must be bounded from below and hence λ > 0. This
imposes a constraint on the Higgs mass from below.

12
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Taking these arguments into account, limits for the Higgs mass are given as

50 GeV . mH . 800 GeV for ΛUV ∼ 104 GeV or (2.19)

130 GeV . mH . 180 GeV for ΛUV ∼ 1016 GeV , (2.20)

depending on the cut-off scale up to which the SM is expect to be valid [20].

The coupling terms in Equ. 2.17 are the Higgs bosons self interaction and the
coupling to the gauge bosons. They are sketched together with the Yukawa coupling
to fermions from Equ. 2.13 and their coupling strengths in Fig. 2.3.

•H

f

f̄∝ mf/v

•H

V µ

V ν∝ M2
V /v

•H

H

Vµ

Vν∝ M2
V /v

2

•H

H

H∝ M2
H/v

•H

H

H

H∝ M2
H/v

2

Figure 2.3.: Feynman diagram of the SM Higgs couplings.

2.2.2. Higgs Production at the LHC

In hadron colliders, Higgs bosons are produced by interactions involving gluons and
quarks. The dominant processes at the Lhc are depicted in Fig. 2.4.
All numerical cross section values quoted in the following were calculated for a
centre-of-mass energy of

√
s = 8 TeV and a Higgs mass of mH ' 125 GeV [20, 25].

The gluon-gluon fusion in Fig. 2.4a is the dominant production mode at Lhc with
a cross section of σ(pp → H) ' 40.25 pb. The process is mediated by triangular
loops of heavy quarks, primarily the top-quark in the SM. Higher-order corrections
play an important role for this process, reflected in factorisation and renormalisation
scale dependence.

The vector-boson fusion sketched in Fig. 2.4b is the subdominant production mode
with σ(pp → Hqq) ' 4.72 pb and has a unique signature. The scattered quarks
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2. The Standard Model and Higgs Physics

create two separated jets with large transverse momenta in the forward and backward
detector region, which can be used for efficient background suppression. Only small
additional jet activity is expected in the central region of the detector for this process.

In Higgs-strahlung processes, as shown in Fig. 2.4c, a weak gauge boson radiates
a Higgs boson. This production channel has a cross section of σ(p → V H) '
2.54 pb. At the Lhc this production mode is important for low-mass Higgs searches.
The decay products of the associated weak gauge boson can be used to distinguish
between signal and background events.

The fourth most dominant production channel at the Lhc is the associated pro-
duction of a Higgs boson with pairs of heavy quarks, mainly top-quarks, depicted
in Fig. 2.4d. This channel allows for a measurement of the Yukawa coupling to the
top-quark. The production cross section is σ(pp→ tt̄H) ' 0.70 pb.

• H

g

g

q

(a) gg-Fusion

• H

q

q

q

q

V

V

(b) vector-boson fusion

•
H

q̄

q V ∗

V

(c) Higgsstrahlung

• H

g

g

q

q

q

(d) Associated Production

Figure 2.4.: Feynman Diagrams of the dominant Higgs production channels at
pp-colliders like the Lhc.

A comparison of the different Higgs cross sections in dependence of the Higgs mass
at the Lhc is shown in Fig. 2.5 for

√
s = 8 TeV. Each of the dominant channels is

drawn separately. For increasing masses, the cross-sections decrease.
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Figure 2.5.: Production cross sections for the Higgs boson in pp collisions at
√
s =

8 TeV [25].

2.2.3. Higgs-Searches and Decay Channels

The Higgs coupling strengths to particles in Fig. 2.3 are proportional to the masses
of the fermions and gauge bosons. Therefore, it is most probable that the Higgs
boson decays into the heaviest particles allowed by phase space. For a fixed Higgs
mass, all partial decay widths can be predicted [20].

Decays into massless particles like photons H → γγ and gluons H → gg are
realised via loops of W bosons, charged fermions or, in the gluon case, only quark
loops similiar to Fig. 2.4a. The branching ratio BR(H) in dependence on the Higgs
mass are sketched in Fig. 2.6.

For each Higgs mass range different decay modes and hence search strategies have
to be considered. In the low mass range interesting decay modes in terms of discovery
potential are [26, 27]

• H → bb̄ has the highest branching ratio for low masses but is experimentally
difficult to detect due to the large multi-jet background. When produced with
leptonic decaying W/Z boson (associated production or Higgs-strahlung), the
event topology can be triggered upon. An excellent b-tagging algorithm is
required.
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Figure 2.6.: The branching ratios BR(H) for Higgs decays as a function of the
Higgs mass (left) and the full mass-dependent Higgs boson decay
width Γ(H) (right) [20].

• H → ττ is the only channel where the Yukawa coupling in the lepton sector
can be measured at the Lhc. In combination with vector boson fusion as
production process, background events can be rejected efficiently because of
the distinctive event topology.

• H → γγ has a rather low branching ratio of a few per mille but can be detected
accurately since a high mass resolution can be provided for the photon pair.
This requires a high energy- and angular resolution of the electromagnetic
calorimeter as well as an accurate particle identification.

With increasing mass, the decay into two gauge bosons WW (∗) and ZZ(∗) becomes
dominant. Below the kinematic threshold, one of the bosons is off-shell and hence
virtual. After passing the threshold, the decay into WW is dominant and the
branching ratio approximately 1. Passing the ZZ threshold, the corresponding
branching ratio increases to ∼ 1/3 but the WW channel remains dominant since
there are two possible decay configurations. For mH > 350 GeV, the Higgs can also
decay into a top-pair.
In this higher mass region two particularly interesting modes are

• H → ZZ → ```` with ` = e, µ because of its very clean signature of four lep-
tons with high pt. Due to the highly suppressed background contribution and
the possibility to fully reconstruct the final state, allowing for high precision
measurements, the mode is called golden channel.

• H →WW → `ν` `ν` which has a high branching ratio. For an estimation of
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the Higgs mass the transverse mass mT is used because of the neutrinos in the
final state.

In Fig. 2.6, the mass dependent total decay width of the Higgs boson is shown.
For low mass regions its decay width is very narrow. With increasing mass the decay
width becomes rapidly wider resulting in a very broad resonant structure [20].

Prior to the Lhc, direct Higgs searches were conducted by experiments at the
Large Electron-Positron Collider Lep at Cern and the Tevatron Collider at
Fermilab. Indirect constraints for the Higgs mass were achieved by global fits using
the dependence of the W boson mass on loop contributions from the Higgs boson
and the top quark [28].

A total amount of 2.4 fb−1 of data at a centre-of-mass energy between 189 −
209 GeV was recorded at Lep. The lower bound for the Higgs mass set by Lep is
114.4 GeV at a confidence level (CL) of 95% [29].
The combined results from CDF and DØ at the Tevatron use up to 10 fb−1 of pp̄
data at

√
s = 1.96 TeV. An exclusion of the region 147 < mH < 180 GeV at 95%

CL was achieved. Furthermore, an excess with a global significance of ∼ 2.7σ was
observed between 115 < mH < 140 GeV [30, 31].

On July 4th 2012, the Atlas and Cms collaborations announced the discovery of
a new boson.
The Cms collaboration combined 5.1 fb−1 at

√
s = 7 TeV and 5.3 fb−1 at

√
s = 8 TeV

and observed an excess with local significance of 5.0σ at a mass of mH = 125.3 ±
0.4(stat)± 0.4(sys) GeV [2].

The Atlas collaboration’s combination of the full 2011 data sample with 4.8 fb−1

at
√
s = 7 TeV and the 2012 data sample with 5.8 fb−1 at

√
s = 8 TeV yields

an excess with local significance of 5.9σ at a mass of mH = 126.0 ± 0.4(stat) ±
0.4(sys) GeV. The probability of this excess to be caused by a statistical fluctuation
of the background is 1.7 · 10−9 and depicted in Fig. 2.7. For these results, the
channels H → γγ, ZZ(∗)(→ 4`), WW (∗) as well as H → bb̄, τ+τ− in 7 TeV data
and H → γγ, ZZ(∗) → 4`, WW (∗)(→ eµνeνµ) in 8 TeV data were combined [3].
By including 13 fb−1 of data at

√
s = 8 TeV available in November 2012, the observed

excess reached a significance of 7σ [32].
The new particle decays into two photons or Z-pairs indicating its bosonic nature
from spin conservation arguments. The two photon channel suggest furthermore,
that the new bosons spin is different from one [6]. In order to verify, that the
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Figure 2.7.: The local background fluctuation probability as a function of the re-
constructed mass for the discovery announced on July 4th 2012 [3].

discovered boson is the predicted SM Higgs boson, its properties need to be studied
in detail. The boson’s coupling to fermions, spin and parity properties, as well as
signal strength for all channels need to be studied precisely in order to investigate the
boson’s nature. Studies of the boson’s couplings with 13 fb−1 of data in November
2012 are in agreement with the SM predictions [33].
Studies of the Higgs’ triple and quartic couplings are difficult at the Lhc because of
the insufficient sensitivity, but will be possible with future high-luminosity upgrades
[27]. Future collider projects, like the International Linear Collider (ILC), will be
able to provide complementary measurements [34].
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2.3. Hadron Collider Physics

The interacting particles at the Lhc are the constituents of the proton - gluons and
quarks, also called partons. A profound knowledge of the structure of the proton is
required in order to describe the proton-proton interactions and to calculate total
cross sections. In the following, the description of the proton’s structure is presented
together with phenomenological QCD models which are crucial for describing data
at Atlas [26].

2.3.1. Parton Density Functions

The structure of the proton depends on its energy. For low energies, a proton can be
described by the three valence-quarks p = (uud), while at high energies additional
sea-quark and gluon contributions have to be taken into account. Determining a
proton’s structure is hence dependent on the energy scale at which the proton is
probed, called factorisation scale µ2

F .

Each parton i of a proton carries a fraction xi of the protons total momentum,
called the Bjorken-x [35]. The probability density of finding parton i with a mo-
mentum fraction xi at an energy µ2

F is modelled by the parton density functions
(PDF) fi(xi, µ2

F ). A perturbative calculation of the PDFs from first principles is
not possible, since they receive contributions from the long-distance part of the
strong interaction, as described in Sec. (2.1.1). Instead, experimental data is used.
In deep inelastic scattering (DIS) experiments, like the ep collider Hera at Desy,
the PDFs were measured at certain energy scales [36, 37]. By using the DGLAP1

QCD evolution equations, the PDFs are extrapolated to higher energy scales, as
present at the Lhc [38]. Different strategies for the description of the PDFs can
be used, e.g. the approaches by the CTEQ or MRST groups [39–43]. These PDFs
introduce theoretical and experimental uncertainties for calculations of total and
differential cross sections. In this thesis the CTEQ-PDF sets are used.

2.3.2. Cross Sections

For the calculation of QCD cross sections strong interactions are categorised into
two types according to their energy regimes: the hard scattering processes at short

1Dokshitzer-Gribov-Lipatov-Altarelli-Parisi equations
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distances and the soft interactions for long distances. Perturbative QCD calcula-
tions can be used to describe the hard interactions, while for soft processes non-
perturbative effects dominate. The separation is realised by calculating the cross
section of the hard processes up to the factorisation scale µ2

F .
The leading order (LO) cross section for a process pp → AB can be expressed
by a convolution of the PDFs with the cross sections σ̂ij→AB of the hard partonic
process. where i and j indicate the involved partons. With the squared partonic
centre-of-mass energy ŝ = xixjs, the LO cross section is given as

σ(pp→ AB) =
∑
i,j

∫
dxi

∫
dxj fi(xi, µ2

F )fj(xj , µ2
F )σ̂ij→AB(xi, xj , αs, ŝ) . (2.21)

In order to include higher order corrections like next-to-leading order (NLO) or
next-to-next-to-leading order (NNLO) QCD contributions, aK-factor is introduced.
It describes the ratio between calculations for cross sections with higher order con-
tributions and the leading order cross section, e.g. for NNLO

K = σNNLO
σLO

. (2.22)

Thus processes can be simulated with LO cross sections and the overall rate can later
be corrected for contributions from virtual loops, initial and final state radiation,
determined by higher order QCD calculations.

2.3.3. Hadron Collision Characteristics

Alongside hard interactions resulting in quarks or gluons, partons can also radiate
collinear and low energy quarks and gluons from the initial and final state of each
process. These higher-order QCD processes are called initial state radiation (ISR)
and final state radiation (FSR). Parton shower algorithms are used to model ISR
and FSR processes, which are not covered by matrix element calculations. The
probability for these radiations can be determined by the DGLAP equations and
calculated up to a cutoff value for the radiated parton’s energy.
For energies above the cutoff value, perturbative calculations can not be used due
to the long-distance structure of QCD. Instead, the partons in each shower are
combined to colourless hadrons, since confinement implies only bound free states
of quarks or gluons. This part of shower evolution is called hadronisation or frag-
mentation. Different models are used to describe hadronisation, e.g. the string
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fragmentation and the cluster fragmentation are used in various generators, cur-
rently employed in the Atlas simulation chain [44–47].
The physics objects arising from these QCD particle showers are referred to as jets.

Pile-Up and Underlying Event Since bunches of protons are collided at the Lhc,
typically several proton interactions are recorded per event. Multiple vertices emerg-
ing from interactions within the same bunch crossing are called in-time pile-up. Ad-
ditionally, out-of-time pile-up emerges from overlapping signals in the detector from
neighbouring bunch crossings. Typical numbers of interactions per crossing for 2012
are ∼ 20, as shown in Fig. 2.8.
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Figure 2.8.: Luminosity-weighted distribution of the mean number of interactions
per bunch crossing for 2012 [48].

Additional contributions for each event come from interactions of the remaining
partons, the proton remnants, after the hard scattering in a pp collision. These
multiple parton interactions together with interactions involving beam remnants are
called underlying event (UE). The description of the UE requires non-perturbative
phenomenological models, which are tuned to Lhc data [49].
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The Large Hadron Collider (Lhc) located at Cern, the European Organisation
for Nuclear Research in Geneva is the largest and most powerful particle collider
in the world. The experimental results presented in this thesis are based on data
which were recorded with the Atlas detector, one of four main experiments at the
Lhc. This chapter gives a short overview of the Lhc’s experimental facility and the
performance up to 2012, followed by a description of the Atlas detector and its
components.

3.1. The Large Hadron Collider

The Lhc is a proton-proton (pp) collider with a design centre-of-mass energy of
√
s = 14 TeV. It is installed in the tunnel of the Large Electron Positron (Lep)

collider, a synchrotron running between 1989 − 2000 at Cern. The tunnels lie
underneath the ground with a circumference of approximately 27 km. The vacuum
and magnet systems of the two separate beam pipes allow for a second operation
mode of the Lhc - collisions of heavy ions, e.g. lead, at a design centre-of-mass
energy of 2.76 TeV/Nucleus.

In Fig. 3.1 a sketch of the LHC complex and its pre-accelerators is shown. Starting
from a canister of hydrogen gas, protons are produced by ionisation and injected
into the Linear Accelerator Linac2. After being accelerated to 50 GeV the protons
enter the Proton Synchrotron Booster (Booster), which injects them in the Proton
Synchrotron (Ps) with a energy of 1.4 GeV. Before leaving the Ps and entering the
Super Proton Synchrotron Sps they are accelerated to 25 GeV. Finally the protons
reach the nominal Lhc injection energy of 450 GeV in the Sps.

After injection in one of the separate beam pipes of the Lhc main ring, the protons
are accelerated either clock- or counterclockwise. By using cavities with radio fre-
quency technique the protons are grouped and kept together in bunches while being
accelerated to the collision energy; as for 2012 4 TeV per beam. Superconducting
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Figure 3.1.: The Cern accelerator complex. After preacceleration by Linac2,
Booster, Ps and Sps the protons enter the main Lhc ring. At the
four main experiments the proton beams collide [50].

dipole magnets with a field of up to 8.33 T are used to keep the proton bunches in
their orbit. Quadrupole and higher multipole magnets keep the beam focused and
the protons aligned in the bunches. The magnets are cooled by liquid helium to
1.9 K. At design values the energy of each beam will be 7 TeV.

At a collider the event rate for a process with production cross section σ is given
by

dN
dt = σ · L

where L is the instantaneous luminosity. For the Lhc, the latter can be defined as

L = nbN1N2frevR

π
√
σ2
x,1 + σ2

x,2

√
σ2
y,1 + σ2

y,2

with the number of bunches nb, the number of protons per bunch for both beams
N1/2 and the revolution frequency frev, also referred to as bunch spacing 1/frev
[51]. The factor R takes luminosity reducing effects into account. The denominator
describes the width of both beams in x and y dimension. Hence a smaller beam width
corresponds to higher luminosity. The Lhc is designed to reach an instantaneous
luminosity of L = 1034 cm−2s−1 with 2808 bunches per beam and a bunch spacing
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of 25 ns [52].

The four main detectors are situated at four collision points along the beam pipes.
These experiments are dedicated to certain physics topics and use different methods
to achieve their goals. Namely

• Atlas and Cms are multi-purpose detectors, mainly designed to detect new
physics and the Higgs boson [53, 54].

• the Alice experiment is designed to cope with the lead ion collisions to study
the quark-gluon plasma [55].

• Lhcb is designed to study b-physics, especially CP-violating processes in the
b-sector [56].

Performance of the LHC The very first beam circulated on September 10th 2008.
In November 2009 the first collisions at 450 GeV beam energy were successfully
detected by all four experiments. On March 30th 2010 the first pp collisions at
√
s = 7 GeV were performed, marking the start of the Lhc research programme.
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Figure 3.2.: The integrated luminosity for 2012 (left) and a comparison of the
delivered integrated luminosities between 2010 and 2012 (right) at
the Atlas experiment [48].

Figure 3.2 shows the delivered integrated luminosity for 2012 and a compari-
son to the years before. In 2010 the Lhc reached a peak luminosity of L =
2.05 · 1032 cm−2s−1, twice the expected value [51]. The Atlas detector recorded
45 pb−1 of data. Increasing the luminosity of the Lhc up to a peak value of
L = 3.65 · 1033 cm−2s−1, Atlas was able to record 5 fb−1 in 2011, five times the
target integrated luminosity. In 2012, the centre-of-mass energy was increased up
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to
√
s = 8 TeV, and the Lhc reached a peak luminosity of L = 7.73 · 1033 cm−2s−1.

Overall, the Atlas detector recorded 20.1 fb−1 data in 2012 at
√
s = 8 TeV.

3.2. The ATLAS Experiment

Atlas is the largest physics collaboration in the world with about 3000 physicists
from over 40 countries. The Atlas detector is one of the Lhc’s two multi-purpose
detectors. With a length of 44 m, a height of 25 m and a weight of 7000 t it is the
largest detector at Cern. Designed to be sensitive to new physics - hence covering
a broad range of physics - the detector has to cope with the two main challenges
set by the Lhc: the high event rate and the large QCD background produced in
the collisions of the proton bunches. The latter requires a very precise particle
identification which has to be combined with robust detector elements to handle the
extreme occupancy and radiation hardness.

The detector has an onion like shell structure as shown in Fig. 3.3. Starting
around the beampipe the inner detectors are immersed in a solenoid magnetic field
and surrounded by the electromagnetic and hadronic calorimeter systems, the muon
spectrometer and the toroid magnet systems. The detector components are described
in the following sections.

Coordinate system For defining a position at Atlas a right-handed coordinate
system is used, its origin being the centre of the detector. The x-axis points to the
middle of the Lhc, the y-axis upwards and the z-axis along the beam pipe. Because
of the detectors cylindrical shape the azimuthal angle φ in the xy-plane and the
pseudorapity η, defined as

η = − log
[
tan

(
θ

2

)]
with the polar angle θ in the yz-plane are commonly used. The pseudorapity η is a
high momentum approximation (p � m) of the rapidity y. An advantage of using
the rapity is that the QCD particle production rate is constant per rapidity interval.
Furthermore rapidity intervals remain constant under Lorentz transformations. The
same holds approximately for the pseudorapity η.
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Figure 3.3.: The Atlas detector with highlighted main components [53].

Angular distances between objects are commonly described by the variable

∆R =
√

∆η2 + ∆φ2 .

Since protons contain partons moving at various fractions of the protons mo-
mentum the initial momentum and energy of interacting particles is not known.
Nevertheless the sum of initial momentum and energy in the xy-plane are both 0.
Hence it is useful to describe particles using the transverse momentum pt and the
transverse energy Et defined as

pt =
√
p2
x + p2

y and Et =
√
E2
x + E2

y .

An imbalance in transverse energy allows for a quantification of undetectable parti-
cles such as neutrinos and is quantified by the missing transverse energy 6ET .
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3.2.1. Inner Detectors

Closest to the interaction point is the Inner Detector (ID), designed for precision
tracking of charged particles and vertex measurements. The ID, as shown in Fig. 3.4
(left), consists of the three components pixel detector, semiconductor tracker (SCT)
and transition radiation tracker (TRT). Along the z-axis the components are divided
in a barrel region and end-cap disks as sketched in Fig. 3.4 (right).

Figure 3.4.: Schematic cut-away views of the Atlas inner detector. On the left a
cross section of the ID-layers are shown and on the right the overall
layout is presented [53].

The innermost part of the ID is the pixel detector consisting of approximately
80 Million silicon pixel sensors. Each of the pixels is read out separately by front-
end chips which are bump-bonded to the pixels. The three pixel layers allow for a
measurement of charged tracks within |η| . 2.6. The pixel detector’s resolution is
up to 12 µm. Because of a performance loss due to the very high radiation close
to the beam pipe an additional layer, the insertable-b-layer (IBL) will be installed
during the shutdown of the Lhc in 2013 [57].

The pixel detector is followed by the SCT which uses semiconducting silicon strips
for track measurements. Each of the four barrel layers consists of single sided silicon
microstrip detectors glued back-to-back. The strips are aligned with a stereo angle to
provide a measurement of the azimuthal angle in each layer. The SCT barrel region
together with its 9 end-caps cover the range |η| . 2.5 and reaches a maximum
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resolution of 17 µm [58].

The third part of the ID is the TRT, which comprises about 400 000 straw tubes.
It consists of a barrel region and two end-caps. Around the straws foils with differ-
ent dielectric constants are placed, such that traversing charged particles produce
transition radiation, allowing for an identification of different charged particles, i.e.
electrons and pions. Tracking information from the TRT with a typical per-straw
resolution of 130 µm are combined with the other ID components to increase the
precision of the transverse momentum measurement [58].

3.2.2. Calorimeter Systems

For energy measurements a calorimeter system is used in Atlas. Traversing parti-
cles deposit their energies in the calorimeter cells by interaction with the material,
undergoing the so-called showering. By using alternating layers of dense and active
material, the particles’ deposited energy in the calorimeter systems can be measured.
Since the deposition of energy depends on the particles type, the calorimeter system
consists of the electromagnetic and the hadronic calorimeter (ECAL and HCAL).

Figure 3.5.: A labelled scheme of the Atlas detector’s calorimeter system showing
its subdetector systems [53].

By electromagnetic interaction with the material, namely bremsstrahlung and
e+e− pair-production, high-energetic electrons and photons traversing the ECAL are
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stopped. Lead and copper are used as absorber material and liquid argon as active
material to measure the energy of the charged particles produced by showering. As
shown in Fig. 3.5 the ECAL is split in the barrel region and two end-caps. It covers
a range of |η| . 3.2. The ECAL is designed to stop the majority of electrons and
photons by depositing all of their energy in the calorimeter.

Hadronic particles need more and denser material to deposit their energy since
they are typically minimum ionising particles and need to interact hadronically to
undergo showering. Surrounding the ECAL, the HCAL is divided into three parts.
The tile calorimeter in the barrel region with |η| . 1.8 uses steel as absorber and
scintillators together with wavelength-shifting fibres as active material [59]. Covering
a range up to |η| = 4.9, the hadronic end-caps (HEC) and the forward calorime-
ter (FCAL) use liquid argon for measuring the deposited energy and tungsten and
copper as absorber.

All calorimeter parts are finely granulated. The barrel-region is constructed with a
unique accordion structure. The calorimeter’s energy resolution can be parametrised
as

σE
E

= a√
E︸︷︷︸

stoch.

⊕ b

E︸︷︷︸
noise

⊕ c︸︷︷︸
sys.

with a stochastic, a noise and a systematic term. The number of particles produced
in a shower is proportional to the energy E of the incoming particle. The resolution
therefore contains a stochastic term following the Poisson statistics. The relative
noise contribution in the calorimeter cells is proportional to 1/E. Finally dead
detector material and other systematic uncertainties decrease the resolution by a
constant term c.

3.2.3. Muon Spectrometer

The muon spectrometer (MS) is the outermost component of the detector, pictured
in Fig. 3.6. By ionisation and excitations of surrounding atoms massive charged
particles loose energy when traversing through matter. Muons with energies of
the order 10 − 100 GeV are minimum ionising particles (MIP) according to the
Bethe-Bloch-formula [1]. Hence, they traverse through the ID and calorimeters only
depositing small amounts of their energy.
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For detecting muons and measuring their transverse momenta the MS comprises
four components. The monitored drift tubes (MDT) are gas filled drift chambers
used for tracking in the barrel region |η| < 2.0. In the same region Resistive plate
chambers (RPC) are used for triggering and position measurement. In the end-cap
region 2.0 < |η| < 2.7 thin gap chambers (TGC) trigger muon events. The cathode
strip chambers (CSC) are used for tracking traversing muons in the end-cap region.

Figure 3.6.: A labelled scheme of the muon system. The tracking and trigger
components are shown [53].

For muons with energies 10 − 200 GeV the pt-resolution of the MS is up to 3 %.
For very high momentum ∼ 1 TeV the pt-resolution is approximately 10 %. Since
the MS extends from a radius of 4.25 m out to the full detector radius of 11 m, an
accurate measurement of the muon tracks is possible.

3.2.4. Magnet System

A significant difference between the Atlas and the Cms detector is the outer mag-
netic field. While the Cms detector uses one solenoidal field Atlas uses two separate
fields, a solenoid field within the ID and a toroidal field encompassing the MS. Both
magnetic fields are used to perform measurements of momenta by bending the tracks
of charged particles. The solenoid inner magnetic field has a field strength of 2 T.
The toroid systems provide a non-uniform average field of 0.5 T. By the curvature
of their tracks, the momenta of charged particles can be measured. The error on
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the curvature decreases with increasing measured values. Since the pt is inversely
proportional to the curvature, the resulting resolution on the muon pt decreases with
increasing pt.

3.2.5. Trigger System

Due to the high luminosity of the Lhc, a three-level trigger system is used. With a
bunch spacing of 25 ns an event rate around 40 MHz and approximately 25 interac-
tions per event is achieved. Since the majority of events are soft QCD interactions
only events which are of interest for physics need to be recorded [60]. With the full
trigger system, the recorded event rate is reduced to 200 Hz.

The three trigger levels are

• the hardware-based Level-1 (LV1) trigger which reduces the event rate to
75 kHz using only the information from muon chambers and the calorimeter.
Before passing the event to the next trigger level, a region-of-interest (ROI) is
defined. The LV1 trigger’s decision time or latency is 2 µs.

• the software-based Level-2 (LV2) trigger combines information from LV1 and
the ROI for each detector trigger component separately to determine the pass
or failure of an event. The event rate is reduced to an order of 1 kHz with a
latency of ∼ 10 ms.

• the software-based Event Filter (EF) uses the full event information from of-
fline algorithms including tracking and jet reconstruction for decision-making.
The event rate is decreased to 200 Hz and the decision time is approximately
4 s.

In-between the three stages, each event passing LV1 is buffered until the high-level
triggers are ready for processing. Events passing the EF are stored permanently
[60].

With so-called trigger menus, selections of different trigger signatures are col-
lected. The trigger menus depend on the data taking conditions and hence ensure
an optimal usage of the available band width.
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A particle traversing the Atlas detector produces characteristic signals in the dif-
ferent detector components. Using a variety of reconstruction algorithms, the raw
data delivered by the detector can be converted to physics objects which are suitable
for physics analysis.
In the following, the reconstruction algorithms for the physics objects used for the
analysis in this thesis are briefly discussed. The object definitions used in this thesis
are summarised and follow the recommendations of the H → τ+

lepτ
−
lep group for 2012

collision data [61].
In order to achieve a better description of data from MC simulation, scale factors
for the reconstruction and identification efficiencies of electrons and muons, as well
as the trigger efficiency are applied to all MC samples.

4.1. Leptons

Muons In this thesis, muons which were reconstructed with the STACO algorithm
are used [26].
Because of their minimum ionizing nature, muons with pt & 6 GeV are typically able
to reach the muon spectrometer. In the STACO algorithm, tracks in the muon spec-
trometer are extrapolated to the beam line, forming standalone muons. Muons also
leave a track in the inner detector. These inner detector tracks are combined with
the MS tracks within the STACO algorithm by a matching procedure incorporating
a global fit [62].

The muon’s momentum, measured from track curvature, is corrected for energy
loss in the calorimeter and required to be pt > 10 GeV. In order to reduce the mis-
identification rate, several quality criteria for the inner detector tracks are applied
as recommended by the muon combined performance group [63]. The muons are
required to lie within |η| < 2.5, according to the instrumented region of the muon
spectrometer. Cosmic and beam-induced backgrounds are reduced by requiring the
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z-position of the origin of the muon’s inner detector track to be close to the z-
position of the primary vertex, which has to be smaller than 1 cm. In order to
reject muons produced in semileptonic quark decays, isolation criteria are defined.
The transverse energy in the calorimeter cells in a cone of ∆R < 0.3 around the
direction of the muon candidate’s track, called etcone30, has to be less than 14 %
of the muon’s pt. Additionally, the sum of all tracks with pt > 1 GeV around the
muon, called ptcone30 must be smaller than 13 % of the muon’s pt.

For a better agreement between data and simulation, the muons’ momenta and
resolution are smeared in the simulation to match the observations in data.

Electrons For the reconstruction of electrons, energy deposits in the electromag-
netic calorimeter are used in the cluster-based sliding window algorithm [64]. The
reconstructed electron candidates from the energy deposit are required to have an
associated inner detector track, to exceed pt > 15 GeV and to lie within the inner
detector coverage, i.e. |η| < 2.47. The transition between barrel and endcap region
1.37 < |η| < 1.52 is excluded, as electrons are difficult to describe in this crack-
region. The identification quality is controlled, by requiring the electrons to pass
the mediumPP criterion, constructed from several geometrical cluster shape observ-
ables, TRT and HCAL information, as well as track matching quality information
[64]. Like in the case of the muons, electrons need to be isolated to suppress QCD
background. The isolation is realised by the same cuts on etcone30 and ptcone30 as
for the muons.

In order to avoid the reconstruction of physics objects from the same local detector
response, an overlap removal is applied. On that account, electrons are removed from
the event, if they are within a distance of ∆R < 0.2 of a reconstructed muon.

As for the muons, the electrons’ energy resolution is smeared in the simulation to
match the observations in data. Furthermore, the energy of the electron is corrected
in data with factors determined in in-situ calibration studies.

Taus Hadronically decaying tau-leptons τhad are reconstructed to suppress Z →
τhadτhad and W → τhadν background contributions in the selection and to remove
overlaps with the H → τ+

hadτ
−
lep and H → τ+

hadτ
−
had analyses. Characteristic for a τhad

candidate is a collimated shower profile with a small amount of associated tracks.
Energy deposits in the calorimeter are used to reconstruct the τhad candidate, while
a boosted decision tree discriminator is used to reject jets faking the hadronically
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decaying tau signal [65]. A τhad candidate must have one or three associated tracks,
corresponding to one or three charged pions from its decay. Furthermore, the can-
didate is required to have pt > 20 GeV and a total charge of ±1. Only taus within
|η| < 2.5 are considered. If the τhad is within a distance ∆R < 0.2 of an electron or
muon, the tau-lepton is removed from the event.

4.2. Jets

Starting from topological clusters in the calorimeter, jets are reconstructed with the
anti-kt algorithm [66–68]. In this algorithm, calorimeter clusters with an energy
deposit above a given threshold are merged with the surrounding clusters, if the
latter fulfil a threshold criterion based on the distance ∆R. For jets in the analysis,
∆R = 0.4 is used.

In order to interpret the objects formed by the algorithm as physical jets, it is
crucial to understand the translation of the detector response back to the energy of
the hadronic particle, called jet energy scale (JES). In the EM+JES scheme, jets
are reconstructed from energy depositions in the calorimeter at the electromagnetic
energy scale (EM) and corrected for non-compensation, as hadrons induce a lower
calorimeter response than electrons. These depositions are furthermore corrected for
e.g. dead detector material, energy loss due to particles escaping the calorimeters
and signal losses in the calorimeter. The calibration is depending on the jet’s pt and
η [65, 69].

After the calibration, a threshold of pt > 20 GeV is set for the jets. Jets are
only used if they are within |η| < 4.5. If a jet candidate is identified as out-of-
time activity or calorimeter noise, the whole event is discarded. Jets originating
from pile-up activity are suppressed by requiring the jet vertex fraction (JVF) to be
|JVF| > 0.5 for jets within |η| < 2.4. The JVF is defined as the pt sum of all tracks
matched to a jet from the primary vertex divided by the total pt-sum of jet-matched
tracks.

In order to suppress top-quark processes like t → Wb, jets originating from b-
quarks need to be identified. B-mesons, formed from the b-quarks have a long
lifetime of ∼ 10 sec and thus a large flight length of ∼ 1 mm [70]. The decay of
these mesons gives rise to a displaced secondary vertex and a large impact parameter.
b-tagging algorithms exploit this topology to distinguish between light jets and heavy
b-jets by associating a weight to each jet.
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In this analysis, the neural network-based b-tag algorithm MV1 is used to identify
b-jets [71]. MV1 combines the weights of the b-tagging algorithms SV0, IP3D and
JetFitterCombNN [72]. At a working point of MV1 weight = 0.795 the algorithm
has an efficiency of 70 %. By applying b-tagging scale factors, differences between
data and MC b-tag efficiency and mistag rates are accounted for [73].

If the jet candidate is within a cone of ∆R < 0.2 of a selected muon, electron or
tau it is removed from the event .

4.3. Missing Transverse Energy

Events with undetected particles in the final state, e.g. neutrinos from a τ -lepton
decay, are characterised by large missing transverse energy. For the measurement of
6ET , an object based algorithm, called RefFinal is used, combining information from
energy measurements in the calorimeters and muon momentum measurements in
the MS. Following the selection criteria above, the transverse energy from electrons
and photons with pt > 10 GeV, from anti-kt jets with pt > 20 GeV as well as jets
calibrated at the electromagnetic scale with 7 GeV < pt < 20 GeV are included in
the calculation of 6ET . Furthermore, the pt of the muon measured in the MS and
energy from topological clusters not associated to high-pt objects, the cell-out terms,
are taken into account.

In order to avoid a loss in Higgs mass resolution and to suppress contributions from
energy deposits from pile-up activity, a weighting of the calorimetric contributions
according to their relation to the primary vertex is applied.

Another definition of missing transverse energy, the 6EHPTO
T is considered. This

quantity is build from the leptons and jets in the event, according to

6EHPTO
T =

√
(−

∑
l=lep

plx −
∑
j=jet

pjx)2 + (−
∑

l=lep
ply −

∑
j=jet

pjy)2 (4.1)

and well correlated with 6ET for events with neutrinos in the final state. For Z →
ee/µµ events, there is only a loose correlation between the two definitions, hence
6EHPTO
T is employed to suppress this Drell-Yan background contributions.
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5. Physics Process Modelling and
Datasets

Simulations of high energy physics processes are crucial components for data analysis
at the Lhc experiments. Physics processes as well as detector responses can be
modelled by Monte Carlo (MC) simulation techniques.
Simulated objects are reconstructed with the same algorithms as real data objects
and fed into the identical analysis chain to ensure consistency. Therefore, predictions
for experimental observables from MC simulations can be exploited to distinguish
signal from background contributions, to determine signal selection efficiencies and
to optimise data taking methods, like the trigger system.

In the next sections, an overview of the Atlas event simulation procedure is given,
followed by a description of the MC event generators and data samples used in this
study.

5.1. MC Event Simulation

In Fig. 5.1, the MC event production at Atlas is sketched. The event generation,

Figure 5.1.: The MC simulation chain at Atlas.

described in the next section, yields momentum four-vectors of particles in the final
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state of the simulated process. These are passed to Geant4, a software framework
for MC-based simulation of the interaction between particles and matter [74].
Using a detailed description of the Atlas detector, the detector’s response to the
traversing particle is simulated. After a digitisation of the detector simulation out-
put, the output objects include the same information as real, raw detector data and
can hence be fed into the same reconstruction software. From the detector data,
tracks and energy depositions are reconstructed. Successively, the physics objects
are reconstructed in analogy to data, i.e. by algorithms described in Sec. (4). For
the final analysis, a data format only containing the reconstructed objects and little
additional information is used.

In order to avoid the CPU intensive full simulation chain, a fast simulation, called
Atlfast II, combining simulation, digitisation and reconstruction into one step,
is available [75]. By using a parametrisation of the Atlas detector, the generator
output is directly converted to analysis objects. Thus, high statistics samples can
be achieved with comparably small CPU consumption. A disadvantage of using the
ATLFAST II program is a less detailed detector description, which is required for
precision measurements.

5.2. MC Event Generation

MC event generators simulate the full decay chain of a process. Following the fac-
torisation theorem in Equ. 2.21, hard processes and parton showers can be separated
from non-perturbative QCD effects in the event generation. Specific programs are
used to generate the hard process final states and are interfaced with programs
capable of simulating the non-perturbative evolution of the final states including
hadronisation, the decay of the hadrons and simulation of underlying events. Figure
5.2 shows a sketch of the successive event generation steps. In the following, the
generators used in this analysis are briefly introduced.

Alpgen Alpgen is a tree-level matrix element generator, specialised on the simula-
tion of hard scattering processes using perturbative QCD [76]. Using exact leading
order (LO) matrix element calculations for different parton multiplicities, a wide
range of processes can be simulated. Processes like Z + jets, are split in different
parton multiplicities in the matrix element from 0− 5 and the three lepton flavours
for simulation. For simulation of parton showering and hadronisation, Alpgen is

38



5.2. MC Event Generation

Figure 5.2.: Schematic view of the different Monte Carlo event generation steps.

interfaced with full event generators, described in the following.
In order to avoid double counting of events, overlapping jets from the LO calculation
and the parton showering are matched following the MLM-matching scheme [77, 78].
The overlap primarily occurs for high-pt jets or wide-angle gluon emission.
Following a study in 2011 data, all Alpgen Z + jets samples are corrected for a
mis-modelling of the Z-rapidity by a scale factor of 1.06 [79].

Pythia Non-pertubative QCD evolution of final states can be simulated with the
general purpose showering and hadronisation generator Pythia [46]. By providing
phenomenological models, contributions from multiple parton interactions and pile-
up contributions can be calculated. Pythia uses the Lund string fragmentation
model to describe the hadronisation of partons. The underlying event contributions
are modelled using a colour string fragmentation model and pt ordered (Pythia 6)
or angular ordered parton showers (Pythia 8).

Herwig Another general purpose generator is Herwig [80]. Using angular ordered
parton showering, a large range of hard processes can be simulated, including ISR
and FSR. Hadronisation and underlying events are modelled using a cluster algo-
rithms. Jimmy, an extension of the Herwig generator, tuned with first collison
data in 2010, takes into account all remnants of the interacting protons, thereby
describing multiple parton interactions [81, 82] .

Sherpa Sherpa is a general-purpose event generator using a dipole formulation for
parton showering and a cluster fragmentation model for hadronisation [83]. Sherpa
is able to perform stand-alone merging of LO matrix element jet production for
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different parton multiplicities with parton showers. For this, the CKKW matching
scheme is used, to avoid double counting and enable large final state multiplicity
simulations. For simulation of multiple parton interactions, a Pythia -based model
is used.

MC@NLO Since the Mc@nlo generator uses full next to leading order (NLO)
QCD calculation, a more precise description of radiation can be achieved com-
pared to other generators [84]. Soft, collinear emissions are simulated by interfacing
Mc@nlo with Herwig. The resummation technique used for implementation of
NLO QCD corrections can lead to negative event weights.

PowHeg Another generator using full NLO QCD calculations is PowHeg [85].
Starting from the simulation of hardest radiation, the exact NLO matrix elements
are used for the corrections with a method yielding only positive event weights.
PowHeg can be interfaced with other generators like Pythia for parton showering
and hadronisation.

5.3. Datasets and Cross Sections

In this section, the data and MC data samples together with their cross sections
used for this thesis’ study are presented. All MC data samples were simulated at
√
s = 8 TeV.

For modelling of the τ -lepton decays, the program Tauola is interfaced with the
generators [86, 87]. Photos models photon radiation in decays produced by Pythia ,
Mc@nlo and Herwig [88].
The simulation of the processes is done in (N)LO. When weighting the events from
each sample, a global K-factor, as definded in Equ. 2.22, is used to scale the events
according to the highest-order cross section available. Differential shapes are not in-
fluenced by this scaling but the event yields correspond more precisely to the actual
cross section. The properties for the Higgs boson, the top-quark, the W -bosons and
the Z-boson used in the event generation are depicted in Tab. 5.1 [8].

Higgs boson production The production of the SM Higgs boson with a mass of
mH = 125 GeV in the vector boson fusion channel was simulated using PowHeg
interfaced with Pythia 8 with the AU2 tune [89]. Only H → τ+τ− decays with
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Particle Mass [GeV]
Higgs boson 125
top quark 172.5
W-boson 80.4
Z-boson 91.19

Table 5.1.: Masses of the Bosons used for the event generation.

both taus decaying leptonically were considered in the simulation. For description
of the proton’s structure the PDF-set CT10 was used [90].
The cross section is calculated at next-to-next-to leading order (NNLO), following
the prescription of the Lhc Higgs cross-section working group (HSXWG) [91]. For
this calculation, the program VBF@NNLO was used [92]. The branching ratio of
H → τ+τ− is determined by the programs HDecay and Prophecy4F [93–95]. For
H → τ+τ− decays, the branching ratio is determined to be 6.32% [96].

Z/γ∗ → `+`− + jets production The simulation of background contributions
from Z-bosons and photons γ∗, also referred to as Drell-Yan (DY) background, is
done using Alpgen interfaced with Pythia 6 with the Perugia2011C tune [49]. The
samples are simulated for the low-mass region 10 GeV ≤ m`` ≤ 60 GeV and high-
mass region m`` > 60 GeV and for each lepton channel ` = e, µ, τ separately. As
previously mentioned, the simulation is done separately for each parton multiplicity
n - exclusively for n = 0, ..., 4 and inclusively for n ≥ 5. The production is simulated
at a renormalisation and factorisation scale of m2

Z + p2
t (Z) using the LO PDF set

Cteq6L1. The MLM-matching is done using a cut of pt < 20 GeV for jets originat-
ing from the parton showering simulation. The FEWZ code is used to calculate the
cross-sections for each sample in NNLO QCD [97].

VBF Z → `+`− production Since the VBF production modes of Z → `+`−

events are not implemented in Alpgen, Sherpa is used to simulate these processes.
The production of a Z boson together with 2 jets in the VBF mode is simulated
using the CT10 PDF set.

W±(→ `±ν) + jets production Background events with a W -boson and jets

were simulated using Alpgen interfaced with Herwig and Jimmy in the AUET2
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tune [98]. The PDFs are modelled using the Cteq6L1 set [40]. As in the Z + jets

sample, the production is split into different parton multiplicities from n = 0, .., 5
in the ME and the cross-sections are calculated in NNLO QCD using the FEWZ
code. The associated partons produced with the W -boson are light quarks u, d, s
and heavy quarks c, b. The inclusiveW +jets samples contain both, light and heavy
quarks, the latter being simulated in the parton showering. In order to cover all final
states, additional samples containing the W -production in association with heavy
quarks (W + bb/cc/c + jets) are considered. The overlap between these samples,
mainly originating from gluon splitting in the light samples, is removed using the
heavy flavour overlap removal tool [99].

Diboson production The electroweak production of pairs of vector bosons, namely
events with WW , ZZ and WZ was generated using Herwig, which includes all
decay modes for the vector bosons [61]. The Herwig configuration followed the
AUET2 tune and used the Cteq6L1 PDF set. The NLO cross section was calculated
using PowHeg and Mc@nlo [100]. At least one lepton is required at generator
level.

Top-quark production For estimating the background contributions from events
involving top-quarks, top-pair tt̄, as well as single-top production are considered.
For the generation of the tt̄ sample, Mc@nlo interfaced with Herwig and Jimmy
for parton showering in the AUET2 tune is used. The cross section was calculated for
NLO + next-to-next-to leading logarithmic (NNLL) pQCD [101]. For the generation,
the CT10 PDF set was used. On generator level, at least one lepton is required.

Single-top production is split in s- and t-channel (according to Mandelstam-
variables [1]) and in associatedWt production. The s-channel and theWt-production
were simulated using Mc@nlo with Herwig and Jimmy for parton showering in
the AUET2 tune and the CT10 PDF set. The t-channel is generated with the
LO generator AcerMC [102] which is interfaced with Pythia , tuned according to
AUET2B and using the Cteq6L1 PDF set. Again, the cross sections are calculated
in NLO+NNLL pQCD [103].

In Tab. 5.2 an overview for the cross section and statistics of each sample is shown.
All values and samples are calculated for

√
s = 8 TeV.
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Process Generator # Events σLO [pb] K-factor
Z/γ∗ → e+e− + jets Alpgen + Pythia 10495051 4627.37 1.18
Z/γ∗ → µ+µ− + jets Alpgen + Pythia 10490476 4627.34 1.18
Z/γ∗ → τ+τ− + jets Alpgen + Pythia 10826099 4627.13 1.18
Z/γ∗ → e+e− + b-jets Alpgen + Herwig 278999 13.32 1.00
Z/γ∗ → µ+µ− + b-jets Alpgen + Herwig 279999 13.32 1.00
Z/γ∗ → τ+τ− + b-jets Alpgen + Herwig 280000 13.31 1.00

tt̄ Mc@nlo + Herwig 11550546 129.27 1.00
Single-top (s-chan) Mc@nlo + Herwig 765108 28.44 1.00
Single-top (t-chan) Mc@nlo + Herwig 507005 1.82 1.00

Single-top (Wt-chan) Mc@nlo + Herwig 1767075 22.37 1.00
Di-Boson WW Herwig 2484694 20.60 1.00
Di-Boson ZZ Herwig 249999 1.55 1.00
Di-Boson WZ Herwig 999797 6.81 1.00
W → `ν Alpgen + Herwig 33130507 30824.62 1.19

W → `ν + c Alpgen + Herwig 9144274 1170.18 1.19
W → `ν + cc Alpgen + Herwig 3019294 384.94 1.19
W → `ν + bb Alpgen + Herwig 1059395 135.32 1.19

VBF Z → e+e− Sherpa 1062084276 0.36 1.00
VBF Z → µ+µ− Sherpa 1033356864 0.36 1.00
VBF Z → τ+τ− Sherpa 62395460 0.46 1.00

VBF H(τ+τ−)→ `+`− PowHeg + Pythia 1000000 1.088 1.45

Table 5.2.: Summary of the samples used for this study, the number of simulated
events, their LO cross section σLO and the global K-factors. The tt̄
sample does not include the fully hadronic final state.
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Dataset During 2012, the Atlas detector recorded data corresponding to 21.7 fb−1

at a centre-of-mass energy of
√
s = 8 TeV. For this analysis, a subset of 13.06 fb−1

is used, corresponding to the data recorded in Summer 2012.

A good run list (GRL) is used in this study, to assure stable and analysis-suitable
data taking conditions. During the data taking, machine and detector conditions
change, e.g. due to noisy subdetector systems. For short time periods - luminos-
ity blocks of 1 min - the effects from changing conditions on the quality of the
recorded data were studied and encoded in a list of good luminosity blocks for each
run. According to this GRL, the dataset was chosen and the corresponding lumi-
nosity calculated.
Besides these temporary effects, also permanent machine defects need to be consid-
ered. The relevant issues were treated separately as described in Sec. (6.3).

Two different data-streams were considered for the analysis, one containing a
trigger menu tuned for physics with electrons and photons and the other for events
with muons. The streams are merged, while accounting for doubly recorded events.
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Searches

In this chapter, the motivation, strategy and goals of the analysis conducted for this
thesis is presented. Furthermore, applied preselection steps are discussed. Finally,
an overview of the treatment of systematic uncertainties is given.

6.1. Motivation and Signal Topology

The search for the Higgs boson in τ+τ− final states is important for the SM Higgs
boson searches at the Lhc, as the discovery of a Higgs-like boson in Summer 2012
could be confirmed in a fermionic final state.

6.1.1. τ -lepton Decays

A τ -lepton can either decay hadronically or into an electron or muon, each decay
channel accompanied with neutrinos. The decay is mediated by a W -boson. The
corresponding branching ratios are listed in Tab. 6.1. The main source of background

Process BR
τ → eνeντ 0.174
τ → µνµντ 0.178
Hadronic ∼ 0.65
ττ → ``4ν 0.124

Table 6.1.: Branching ratios for τ -lepton decays [8].

contributions in hadronic collisions arise from multi-jet events. Although providing
the highest branching ratio, a hadronically decaying τ -lepton is difficult to identify,
as large backgrounds from light jets in multi-jet events arise. Final states with at
least one lepton with large transverse momentum pt allow for a suppression of the
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multi-jet contributions.

As shown in Fig. 2.6, the branching ratio forH → ττ for low Higgs masses between
110 GeV < mH < 140 GeV is of the order of 7%. Despite the smaller branching
ratios, both τ -leptons are required to decay leptonically in this study. This offers
a signature which can be efficiently discriminated from background events, as two
leptons and large missing transverse energy 6ET are present in the final state. The
branching ratio for both taus decaying hadronically is shown in Tab. 6.1.

When accompanied by a high pt jet, the Higgs boson acquires a boost in the trans-
verse plane. This enhances the transverse momenta of the Higgs’ decay products.
As a consequence, the leptons momenta and the energy of the neutrinos from the τ
decays are enlarged. This leads to a high 6ET for the signal events, improving the
discrimination between signal and background events [104].
When produced by VBF, the signal-to-background ratio can be further enhanced by
topological cuts, as will be explained in the following [73].
Three analysis categories are defined according to the lepton flavours in the final
state of the H(τ+τ−)→ `+`−4ν process: the ee, the µµ and the eµ channel.

6.1.2. VBF H(τ+τ−)→ `+`−4ν Topology

In Fig. 6.1, the LO Feynman diagram for the H(τ+τ−) → `+`−4ν signal process
produced in vector boson fusion (VBF) is shown, including the leptonic decays of
both τ -leptons. As discussed in Sec. (4), events with a reconstructed hadronically
decaying τ candidate are rejected and furthermore not simulated in the signal sam-
ple.

The two quarks involved in the VBF process carry only a fraction of the colliding
protons’ momenta, as described in Sec. (2.3.1). Thus, high, opposite longitudi-
nal momenta and only comparably small transverse momenta are expected for the
quarks in the initial state. During the scattering process, the two quarks receive
only a small transverse momenta component. For that reason, the jet j1, formed
by one of the quarks, is expected to propagate in the forward-region and the other
jet j2, caused by the second quark, in the backward-region of the detector. The
jets j1 and j2 are hence well separated in the pseudorapidity η [20, 105]. The two
jets typically form a high invariant mass, as they arise from two independent, high
energetic quarks. In the following, the jets j1 and j2 are referred to as tagging jets.
Another characteristic of a VBF event is the location of the leptons relative to the
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Figure 6.1.: LO Feynman diagram for the VBF H(τ+τ−)→ `+`−4ν process. The
colours emphasise the independent colour flow for the tagging jets.

jets. As the decay products of the τ -leptons from the Higgs decay are boosted in
the transverse plane and the tagging jets propagate in the forward-backward region
of the detector, the pseudorapidity η of the leptons from the τ -decay are expected
to be in-between the η of the tagging jets.

6.1.3. Colour Flow in VBF Events and Central Jet Veto

In Fig. 6.1, a key feature of the VBF production mode is stressed: As the tagging jets
are produced independently by the two scattered quarks, the flow of the strong colour
charge between the jets is suppressed. It follows, that additional jet contributions
arising from QCD interactions are suppressed as well. In particular, only marginal
jet activity in the central region of the detector is expected for a VBF signal event,
as the tagging jets are located in the forward and backward region of the detector.

The presence of a third jet in a selected VBF event can indicate a background
event, which fakes the VBF H(τ+τ−) → `+`−4ν topology. But it is also possible,
that a gluon is radiated from the tagging jets in the signal event, i.e. due to ISR or
FSR. As this radiation is typically collinear to the tagging jets, these soft emissions
are expected to form jets, which are also located in the forward or backward region
of the detector.
Furthermore, it is possible, that the scattered quarks undergo the so-called colour
reconnection in the fragmentation process [106]. Imposing a well-separated propa-
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gation in space-time, both quarks undergo a separated fragmentation process, where
colour confinement happens independently. If, on the other hand, the scattering pro-
cess of the incoming quarks is interpreted as a pointlike interaction, a “cross-talk”
between the quarks leading to a reorganisation of the colour flow is comprehensible.
This affects the event topology, as investigated in WW scattering events in [107].
The colour reconnection process can lead to multiple soft gluon emissions caused by
the reorganised colour flow.

In order to improve the VBF selection, a veto on events with additional jets can
be applied. Vetoing all events with more than two jets leads to a reduction of signal
events, as the effects described above are not accounted for. This has to be avoided
in order to maintain sufficient statistics. From the above considerations it becomes
evident, that the veto has to be defined in a way, which allows for a discrimination
between background and signal events with additional jets. Hence, the discriminator
has to describe the centrality of additional jets in the events. Such a veto on central
jets, is referred to as central jet veto (CJV) in the following.

In this thesis, the CJV definition is optimised by comparing several approaches in
terms of significance for the selection, using simulated MC data sets.

6.2. Analysis Strategy

The aim of this thesis is to explore the VBF H(τ+τ−) → ``4ν channel and to
optimise the cut-based selection. In the following, the analysis strategy to achieve
this goal is discussed.

6.2.1. Studies in Z/γ∗ → e+e− Control Region

The most important backgrounds for the VBF H(τ+τ−)→ ``4ν signal are Z/γ∗ →
`+`− with ` = e, µ, τ - also referred to as Drell-Yan (DY) processes -, top and di-
boson processes. The MC samples used to model these processes are described in
Sec. (5.3). It is known, that MC generators can mis-model processes and especially
jet kinematics [73]. This can lead to deviations in the estimated number of back-
ground events and hence mis-leading cut-optimisations. Thus, a study in a control
region with the aim of validating the MC simulation is conducted.

For the verification of the DY modelling, a Higgs-signal free Z/γ∗ → e+e− + jets

control region is defined. The validation is performed by examining the agreement
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between MC and data for different observables.
By applying further selection criteria concerning a VBF topology, the simulation of
VBF relevant variables is verified in the Z/γ∗ → e+e− events. As a final study in
this control region, an efficiency describing the veto performance for third jets in
the selected events is calculated.
This control study provides insights into generator and normalisation performance
as well as physics with 8 TeV data.

6.2.2. Optimisation of the Central Jet Veto

After checking the simulation performance in the control region, the main study is
conducted.
Following [73], selection criteria for VBF H(τ+τ−)→ ``4ν events are applied. Since
a different kinematic region is studied, additional MC samples need to be imple-
mented and validated. This is achieved, by successively investigating the data to
MC ratio for all variables used for the selection.
An important characteristic of the topology of a VBF H(τ+τ−) → ``4ν event is a
marginal jet activity in the central region. Therefore, a central jet veto (CJV) is
applied in the selection. In order to discriminate between signal and background
events while maintaining sufficient statistics, certain observables can be introduced
to optimise the CJV. Several of these CJV-observables were studied in the analysis
and compared in terms of significance for the selection.

6.2.3. The Framework

For the data analysis, a local C++-framework, capable of handling the state-of-the-
art software tools provided by the Atlas collaboration was set up. The framework
was constructed to process data sets from Monte-Carlo simulations and data from
the Atlas experiment. The object-oriented library Root is used in the framework,
as it provides an analysis-suitable data format [108, 109].
In order to process the data samples locally, the contained information had to be
reduced to save storage capacity. This was done using the Lhc computing grid, a
computer network infrastructure designed to cope with the tremendous amount of
data produced at the Lhc [47]. The reduction was synchronised with the analysis
needs, meaning that only necessary variables and loosely preselected events were
taken into account.
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The functionality of the framework was validated by comparing the numbers of
events at successive cut stages within the working group.

6.3. Preselection

For each event, a set of preselection criteria is applied. As mentioned before, machine
issues need to be treated as well as pile-up effects and trigger settings.

For all events, at least one primary vertex is required with a minimum of 3 associ-
ated tracks. This rejects non-collision backgrounds, e.g. contributions from cosmics,
and suppresses pile-up events. If an event contains a jet, which is not associated to
real energy deposits in the detector, it is rejected in the analysis.

Depending on the analysed final state, two oppositely charged leptons of certain
flavour are required. For the ee final state, two electrons, for the µµ final state,
two muons and for the eµ final state an electron and a muon are required according
to the object selection criteria in Sec. (4). Furthermore, events with a hadronically
decaying tau candidate, reconstructed as described in Sec. (4) are rejected, as only
leptonic final states are considered.

The effects from pile-up events are taken into account by adding the contributions
from additional proton-proton collisions, simulated with Pythia 8. For this, the
bunch train structure and spacing of the beams was modelled, using information
from minimum bias events. These are events, recorded with minimal requirements
on the topology, hence providing minimal biased information. The MC samples are
reweighted for each MC process separately in the analysis, according to the average
number of interactions per bunch crossing per run in the data sample. Thus, the
pile-up conditions of the corresponding data can be reproduced.

Trigger As described in Sec. (3.2.5), a trigger system is used to reduce the amount
of data. For this analysis, trigger objects passing all trigger levels listed below are
considered. The triggers are chosen according to the lepton flavours selected in
the final state. The following trigger configuration is a compromise of high trigger
efficiency and minimal number of triggers as studied in [73].

• ee-channel: The di-electron trigger EF_2e12Tvh_loose1 and the single-electron
trigger EF_e24vhi_medium1 are used for this final state. The di-electron trig-
ger requires two electron trigger objects with pt > 12 GeV and loose selection
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criteria (loose1). The tag Tvh symbolises criteria for the trigger object at the
first trigger stage L1: an electromagnetic cluster threshold (T), a variable η
threshold (v) and a hadronic leakage cut (h) [73]. The single electron trigger
requires an electron trigger object with pt > 24 GeV passing the medium1 se-
lection criteria [110]. At L1 an isolation criterion is applied (i). An event is
accepted, if it passes any of the two triggers.
To account for trigger efficiencies, trigger scale factors are applied. For this,
a trigger logic is implemented. If a reconstructed electron with pt > 25 GeV
is present in the event, the single-electron trigger is used. Otherwise, the
di-electron trigger is required.

• µµ-channel: Only events passing the di-muon trigger EF_mu18_tight_mu8_EFFS

are considered for this final state. Both muon trigger objects are reconstructed
in the MS and combined with an inner detector track. One of the objects has
to exceed pt > 18 GeV, while the other one is required to have pt > 8 GeV.
Furthermore, the leading muon trigger object has to fulfil the tight selection
criteria.

• eµ-channel: For this channel, the di-lepton trigger EF_e12Tvh_medium1_mu8

and the single-electron trigger EF_e24vhi_medium1 are used. The di-lepton
trigger requires a muon trigger object reconstructed in the MS with a combined
inner detector track and pt > 8 GeV. Additionally, an electron trigger object
fulfilling the e12Tvh_medium1 criteria with pt > 12 GeV is required. Any event,
not passing this or the single electron trigger is rejected for the eµ-channel.
The logic for application of trigger scale factors is requiring a reconstructed
electron with pt > 25 GeV for the single electron trigger and the use of the
di-lepton trigger otherwise.

For each trigger setup, a matching of the trigger objects with the offline reconstructed
leptons in ∆η, ∆φ and pt is performed.
The pt thresholds of the two leptons in the final states for the analysis are chosen
depending on their flavour and summarised, together with the trigger requirements
in Tab. 6.2.

Detector Conditions For the data taking periods C1-C8 in 2012 a problem with
the powering of the forward calorimeter (FCAL) occurred. The effect was studied
in Z/γ∗ → µµ events. The issue caused a reduction in the cluster cell occupancy
and changed the pt spectrum of the reconstructed jets. Hence, a veto on jets with

51



6. Studies for VBF H(τ+τ−)→ `+`−4ν Searches

Final state Triggers pt thresholds

ee
EF_2e12Tvh_loose1 pt(e1) > 15 GeV
EF_e24vhi_medium1 pt(e2) > 15 GeV

µµ EF_mu18_tight_mu8_EFFS
pt(µ1) > 20 GeV
pt(µ2) > 10 GeV

eµ
EF_e12Tvh_medium1_mu8 pt(e) > 15 GeV

EF_e24vhi_medium1 pt(µ) > 10 GeV

Table 6.2.: Summary of the required triggers and the pt thresholds for the leptons
in the final state used in the analysis for each channel.

pt > 20 GeV in the region |η| > 3.2 and 1.6 < φ < 3.1 is applied for events in this
period.
During the periods B1-B2 of data taking, a hot tile calorimeter cell caused problems
in the reconstruction of jets. Again, a veto on jets pointing to this region is applied.

These treatments follow the recommendations of the JetEtMiss working group at
Atlas [111].

6.4. Systematic Uncertainties

For the analysis, systematic and statistic uncertainties are taken into account. Sta-
tistical uncertainties arise from the limited number of data and MC events. They
increase with progressing cut stages, as less events are observed.
Systematic uncertainties arise from e.g. detector simulation, MC generator uncer-
tainties, energy calibrations of the reconstructed objects, as well as cross sections and
luminosity calculation. The evaluation of systematics, as presented in the following,
is based on [73].

Lepton Scale and Resolution The quadratic sum of the systematic and statistical
uncertainties arising from the determination of the lepton scale factors are taken as
a systematic uncertainty. Additional uncertainties are introduced by the smearing of
the simulated muons and electrons as described in Sec. (4). The relative uncertainty
on VBF Higgs signal events, arising from these scale factors is of the order ∼ 0.5%
[73].
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Jet Energy Scale and Resolution The calibration of the jet energy from the elec-
tromagnetic detector response to the hadronic scale introduces an important sys-
tematic uncertainty for this analysis. Since the following studies are dependent on
the calibration of the involved jets, the jet energy scale (JES) uncertainty is consid-
ered the main source of systematic uncertainty. The JES uncertainty is derived by
dedicated MC simulations and dependent on η and pt of the jets. The main contri-
butions to the JES uncertainty are the uncertainty of the JES calibration method,
calorimeter response and the detector simulation, as well as the uncertainties of the
parton shower and underlying event models employed in the dedicated MC sim-
ulation. Furthermore contributions from pile-up events, the η-dependent detector
response calibration and the identification of close-by jets contribute [69]. The im-
pact of the JES uncertainty in this analysis is determined by varying the jet energy
“up” and “down” according to their ±1 σ uncertainties and is of the order of 5%
for VBF Higgs signal events [73].

The difference between the reconstruction efficiency in data and MC for jets is
calculated by a tag and probe method and negligible for jets with pt > 40 GeV [73].
The scale and resolution uncertainties can be propagated to the reconstruction of
6ET . Specific uncertainties like soft jet energy scale and resolution and clusterised
energy deposits outside of jets are taken into account as well in [73]. The relative
uncertainty for VBF Higgs signal events is ∼ 0.7% [73].

Another jet-related uncertainty source are the b-tagging scale factors. Systematics
arising from the b-tagging efficiency and mistag rates can be accounted for by shifting
the scale factors by ±1 σ.

Process Cross Sections, PDF and Luminosity The theoretical evaluation of the
SM process cross section introduce systematic errors on the normalisation of the
MC data samples. In the analysis presented in [73], all normalisation uncertainties
are considered. For the VBF Higgs signal process, the relative uncertainty on the
cross section ranges from 1%-10%. The uncertainties for the background samples,
ranging from 0.5%-4%, can be found in [73, 112–114].

As recommended by the PDF4LHC working group, uncertainties due to the PDF
sets are considered. These are applied for the normalisation of each MC samples
and range from 3%-4% [114].

The measurement of the luminosity for the data set used in this study also in-
troduces an uncertainty, determined by dedicated measurements [115, 116]. The
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uncertainty of 3.6% is applied to the normalisation of each MC sample in [73].

The aim of the study presented in this thesis is a comparison between different
observables, rather than a precision measurement. For that reason, only systematics
affecting the shape of distribution are taken into account. Following the studies
in [73], only the JES systematics has a non-negligible shape effect and is hence
considered in the following.
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6.5. Studies in a Z/γ∗ → e+e− Control Region

As motivated in Sec. (6.2.1), the simulation performance of the Drell-Yan (DY)
Z/γ∗ → `+`− + jets process is studied in the following section. After applying
selection criteria for Z/γ∗ → e+e− events, further requirements, following the vector
boson fusion (VBF) mode selection for the H(τ+τ−)→ `+`−4ν process, are applied.
This allows for a study of the background contribution of Z/γ∗ → e+e−+jets events
in the kinematic region of the VBF Higgs signal events. Finally, as an outlook for
the central jet veto optimisation, the veto efficiency on third jets is investigated and
the modelling validated.

For this study, MC signal contributions from QCD produced Z/γ∗ → e+e− events,
as well as background contributions from di-boson, tt̄ and single-top processes are
considered. Furthermore, VBF Z/γ∗ → e+e− contributions are added. The corre-
sponding MC samples and cross sections are depicted in Tab. 5.2.

6.5.1. Z/γ∗ → e+e− Selection

After applying the preselection criteria depicted in Sec. (6.3), Z/γ∗ → e+e− candi-
dates are selected with the physics objects reconstructed according to Chapter (4).
In the rest frame of the Z-boson, the electrons decay back-to-back. Therefore, a
high transverse momentum pt is expected for the two electrons. In Fig. AI.1, the
pt distributions of the two electrons with the largest transverse momentum in the
event, referred to as leading and sub-leading electrons, are depicted.
For the selection, two oppositely charged electrons are required, each exceeding
pt > 20 GeV. Background events from multi-jet processes with falsely identified
electrons are suppressed by this pt threshold and the isolation and quality criteria
described in Chapter (4).

The invariant mass spectrum, calculated from the four-vectors of the electrons, is
depicted in Fig. 6.2.
The upper part shows the number of entries per mass bin. The MC contributions
are normalised to the integrated luminosity of 13.06 fb−1 of the data and stacked.
The uncertainty arising from the jet energy calibration is depicted as hatched box
around the nominal MC predictions per bin, but negligible for the mass spectrum.
The markers in the lower part of the plot show the ratio between data and MC event
yields for each bin. The yellow band is the combination of statistical and systematic

55



6. Studies for VBF H(τ+τ−)→ `+`−4ν Searches

uncertainty and centred around the red line at 1. The same plot structure is used for
displaying distributions in the following figures. The structure observed around the
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Figure 6.2.: Invariant mass spectrum for the selected electrons with pt > 20 GeV in
the Z/γ∗ → e+e− control region. The yellow band is the combination
of statistical and systematic uncertainty.

Z-pole at ∼ 91 GeV can be attributed to known problems of the detector simulation
[73]. Besides this structure, the modelling of the mass spectrum is consistent with
data within the statistical uncertainty.
The invariant mass is required to cover the Z-peak by choosing a mass window of

70 GeV < mee < 110 GeV .

The event yields for the selection are shown for all samples and the sum of MC
events in Tab. AII.1, together with systematic and statistical uncertainties. The
dominant background contribution are the DY processes. Over the whole spectrum
a slight overestimation of ∼ 3% is observed, as can be calculated from the sum of
all MC events and the data event yields in Tab. AII.1.
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6.5.2. VBF Z/γ∗ → e+e− Selection

After the selection of Z/γ∗ → e+e− events, selection criteria for the vector boson
fusion production mode are applied. As explained in Sec. (6.1), two jets with high
pt are expected to form from the incoming scattered quarks in a VBF H(τ+τ−)→
`+`−4ν event.
In Fig. 6.3 (left) the pt distribution for the leading jet in the selected Z/γ∗ → e+e−
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Figure 6.3.: The pt distribution for the leading jet (left) and the inclusive jet mul-
tiplicity for jets with pt > 20 GeV (left) for the selected Z/γ∗ → e+e−

events. The striped box depicts the uncertainty on the MC event
yields per bin due to the jet energy scale calibration.

events is presented. An overestimation over the whole spectrum of up to 25% for
jets with pt > 200 GeV is observed. This indicates, that jet kinematic is modelled
incorrectly with Alpgen, i.e. the jet pt overestimated. For the selection, a leading
jet j1 with pt(j1) > 40 GeV is required. The inclusive jet multiplicity of the Z/γ∗ →
e+e− events is shown in Fig. 6.3 (right). For jet multiplicities ≤ 5 the number of
jets is overestimated between ∼ 5− 12%. For jet multiplicities ≥ 3, the deviation is
covered by the systematic uncertainty, which are between ∼ 5− 15% and increasing
with higher multiplicities. As explained in Sec. (5.3), the Z/γ∗ → e+e− + jets

process is modelled with hard matrix element calculations with jet multiplicity of
≤ 5. Hence higher jet multiplicities arise from the parton showering. The slope in the
distribution for multiplicities ≥ 3 indicates, that the parton showering overestimates
the number of jets.
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The overestimation of the jet kinematics modelling in Alpgen is also visible in the
η and φ distributions of the selected leading jets, shown in Fig. AI.2.

The pt-spectrum of the sub-leading jet after the requirement on the pt of the
leading jet is presented in Fig. 6.4 (left) together with the inclusive jet multiplic-
ity. Again, an overestimation, particularly for jets with high pt is observed. The
sub-leading jet j2 has to fulfil pt(j2) > 25 GeV for the selection. The η and φ

distributions of the these sub-leading jets is shown in Fig. AI.2 and suffer from the
same mis-modelling effects.
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Figure 6.4.: The pt distribution for sub-leading jet (left) and the inclusive jet mul-
tiplicity (right) after the leading jet requirement in the Z/γ∗ → e+e−

control region.

Pseudorapidity Difference As explained in Sec. (6.1), the tagging jets are expected
to be well separated in η. This separation can be quantified by the pseudorapidity
difference

∆η = |ηj1 − ηj2| (6.1)

and is expected to be large for VBF events. For the selected events after the sub-
leading jet requirement, the pseudorapidity difference is shown in Fig. 6.5. In
Fig. AI.2, the pseudorapidities for the selected leading jets is shown. The over-
estimation for small η is propagated to the pseudorapidity difference. For small
differences ∆η < 3, the MC deviates between 10 − 20% percent from the data.
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Larger differences are in better agreement and lie within the systematics. For very
large ∆η > 5 the systematic uncertainty is up to 20% and the statistical uncertainty
between 5 − 10%. For the selection, a cut of ∆η > 3.0 is chosen, thereby selecting
a kinematic region with satisfying agreement and following the selection for a VBF
Higgs signal event.
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Figure 6.5.: The pseudorapidity difference ∆η between the two leading jets is
shown for the Z/γ∗ → e+e− control region.

Di-jet mass The invariant mass of the two jets is described by the di-jet mass,
calculated from the jets’ four momenta pµ via

m(j1, j2) =
√
pµj1pµ,j2 .

This di-jet mass is expected to be large for VBF-produced events, as motivated
in Sec. (6.1). The distribution is shown for the events after the pseudorapidity
difference cut in Fig. 6.6. The MC simulation and data yields are in good agree-
ment within the uncertainties. The selected kinematic region is hence described
well by the simulation. The systematic uncertainty is ∼ 10% and the statistical
uncertainty ranges between 5− 15%. For the VBF Higgs signal selection in the fol-
lowing chapter, DY and tt̄ processes are suppressed by requiring a minimum mass of
m(j1, j2) > 400 GeV. The same cut is applied for this selection, in order to validate
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the simulation of the resulting kinematic region.
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Figure 6.6.: Invariant mass distribution mjj between the two leading jets after the
∆ηjj requirement.

The event yields for the Z/γ∗ → e+e− events in the VBF selection are presented
in Tab. AII.2. Furthermore, the inclusive number of jets for the remaining events is
presented in Fig. 6.7. Data and MC are in a good agreement for the selected region.
The systematic uncertainties range from 10− 20%.

6.5.3. Veto-Efficiency

As explained in Sec. (6.1), no flow of colour charge occurs between the two quarks in
a leading order VBF process. Events with additional jets originate from background
processes or higher-order QCD signal events, i.e. from ISR/FSR.
The pt and η distributions for the third leading jet in the selected events is shown
in Fig. 6.8. All fluctuations are covered by the uncertainties. Third jets with high
transverse momentum are rare, thus large uncertainties of ∼ 40% are present for
pt(j3) > 100 GeV. Third leading jets in the VBF Z/γ∗ → ee contribution are
enriched at |η| ≈ 3. This meets the expectations for a VBF-produced event, since
additional jets in a VBF event are expected to be collinear to the tagging jets, as
discussed in Sec. (6.1).
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Figure 6.7.: Inclusive number of jets for the Z/γ∗ → ee events in the VBF selec-
tion.
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Figure 6.8.: The pt (left) and η (right) distributions for the third leading jets in
the VBF-selected Z/γ∗ → e+e− events.

In order to improve the VBF selection, a simple veto on events with a third jet is
defined as

? reject all events containing a third jet with a pt above a certain threshold.
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In order to study the impact on the number of remaining events from such a veto,
the pt-threshold x is varied between 20 GeV < pt < 100 GeV. For each threshold, a
survival efficiency defined as

εx = 1− Number of events with pt(j3)> x GeV

Total Number of Events after VBF Selection
(6.2)

is calculated, taking into account the total number of events in the VBF selection
and the number of surviving events after applying the veto. Since the number
of surviving events and the total number of events are correlated, the binominal
uncertainty σεx , defined as

σ2
εx = εx (1− εx)

Total Number of VBF events
, (6.3)

is used as statistical uncertainty for the efficiencies. Furthermore, systematic uncer-
tainties arising from the JES calibration are considered. The resulting efficiencies
are presented in Fig. 6.9 and listed in Tab. 6.3. For low pt thresholds, an efficiency
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Figure 6.9.: The survival efficiency for the pt dependent veto on third jets. The
green error band is the combination of statistical and systematic un-
certainty.

& 0.5 is observed. This means, that most additional jets in the DY processes have
a low transverse momentum, as can be verified with Fig. 6.8. For higher thresholds,
the efficiency converges to 1 as only a small number of third jets carry high pt. Since
all jets are required to exceed pt > 20 GeV at the preselection stage, the efficiency
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for a 20 GeV threshold corresponds to strictly choosing only events with two jets.
For low pt thresholds < 45 GeV a small deviation of ∼ 5% between data and simu-
lation is observed.

Threshold Efficiency Syst. Uncertainty Stat. Uncertainty

pt(j3) > 20 GeV
MC 0.466 +0.016 ±0.012−0.006

Data 0.448 - ±0.007

pt(j3) > 30 GeV
MC 0.774 +0.003 ±0.007−0.001

Data 0.747 - ±0.005

pt(j3) > 40 GeV
MC 0.8943 +0.000 ±0.005−0.002

Data 0.878 - ±0.003

pt(j3) > 80 GeV
MC 0.988 +0.000 ±0.002−0.000

Data 0.987 - ±0.001

Table 6.3.: Veto efficiencies on third jets for selected thresholds.

As this simple veto does not account for the higher-order effects for VBF events
explained in Sec. (6.1), an improvement is achieved, by requiring the third leading
jet to lie inbetween the two leading jets, i.e.

min (ηj1, ηj2) < ηj3 < max (ηj1, ηj2) .

In Fig. 6.10, the same efficiency was calculated with this additional constraint on the
third leading jet. The pt and η distributions for third jets fulfilling this requirement
is shown in Fig. AI.3. The additional requirement increases the efficiency by ∼ 5%
for low-pt thresholds. Hence, more DY background in the Higgs selection is expected
with the additional centrality constraint. The same converging behaviour as before
is observed. Furthermore, the deviation between MC and data for low thresholds
is smaller with ∼ 3% than in Fig. 6.9. As a comparison with Tab. 6.3, selected
efficiencies are listed in Tab. 6.4.
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Figure 6.10.: The survival efficiency for the pt dependent veto on third jets be-
tween the two leading jets is shown.

Threshold Efficiency Syst. error Stat. Error

pt(j3) > 20 GeV
MC 0.567 +0.012 ±0.012−0.001

Data 0.547 - ±0.007

pt(j3) > 30 GeV
MC 0.795 +0.005 ±0.008−0.004

Data 0.782 - ±0.005

pt(j3) > 40 GeV
MC 0.901 +0.000 ±0.005−0.002

Data 0.894 - ±0.003

pt(j3) > 80 GeV
MC 0.988 +0.000 ±0.002−0.001

Data 0.988 - ±0.001

Table 6.4.: Veto efficiencies on third jets lying in-between the two leading jets for
selected thresholds.
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Synopsis In this section, a validation of the MC simulation of Drell-Yan processes
Z/γ∗ → `+`− + jets was performed, by studying events in a Z/γ∗ → e+e− control
region and investigating the data-to-MC ratio. At early cut stages the MC predic-
tions for the jet kinematics overestimates the data up to ∼ 20%. In the kinematic
region studied for the VBF Higgs selection in the following sections, a satisfying
agreement between data and Monte Carlo within the uncertainties is observed. In
particular VBF relevant variables are modelled correctly.
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6.6. Studies for VBF H(τ+τ−)→ `+`−4ν Searches

In this section, a summary of the main study conducted for the search of the Stan-
dard Model Higgs boson in the vector boson fusion (VBF) produced H(τ+τ−) →
`+`−4ν channel is given.

Following [73], selection criteria for H(τ+τ−)→ ``4ν events are applied, including
all the production modes presented in Sec. (2.2.2). Thereafter, requirements on
VBF specific variables are applied in order to select the VBF production mode.
The selection is based on studies in [73, 104, 117]. After the discussion of the
selection criteria, the optimisation study for the central jet veto (CJV) is presented,
as motivated in Sec. (6.1).

For the study, the VBF H(τ+τ−) → `+`−4ν signal sample for a Higgs mass of
mH = 125 GeV is used. In all following plots, the signal contribution is scaled by
a factor of 10 for better visibility. MC background contributions arising from di-
boson, tt̄ and single-top processes are considered. Furthermore, Drell-Yan processes
Z → ``, VBF Z → `` and W → `ν with ` = e, µ, τ are taken into account.
Background arising from false identification of jets as leptons (fake leptons) is partly
modelled by adding samples of heavy flavour jet production accompanied with the
latter processes, i.e. Z → ``+ bb and W → `ν + bb/cc/c. Further background from
multi-jet processes is rejected by dedicated selection criteria, as will be discussed in
the following.
Physics objects - electrons, muons or jets - with the highest pt in the events are
referred to as leading objects in the following. The following plots are constructed
as described in Sec. (6.5.1). On top of the plots, it is indicated for which channel
the distributions are presented.

In Tab. 6.5, all criteria which will be applied for the VBF H(τ+τ−) → `+`−4ν
signal selection are summarised. The cut variables and chosen thresholds will be
motivated in the following sections.
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e+e− + µ+µ− eµ

H(τ+τ−)→ `+`−4ν selection

Preselection according to Sec. (6.3)

30 GeV < mee+µµ < 75 GeV 30 GeV < meµ < 100 GeV

pt(``) > 35 GeV pt(``) > 45 GeV

At least one jet with pt > 40 GeV

6ET > 40 GeV and 6EHPTO
T > 40 GeV 6ET > 20 GeV

Visible momentum fractions 0.1 < x1/2 < 1.0

0.5 < ∆φ(``) < 2.5

VBF H(τ+τ−)→ `+`−4ν selection

H(τ+τ−)→ `+`−4ν selection requirements

At least a second jet with pt > 25 GeV

Pseudorapidity difference ∆ηjj > 3.0

mjj > 400 GeV

b-tag veto

Central Jet Veto

Lepton centrality requirement

Table 6.5.: Summary of the criteria for the selection of VBF H(τ+τ−)→ `+`−4ν
signal events.

6.6.1. H(τ+τ−)→ `+`−4ν Selection

All considered events in this study are preselected according to the criteria presented
in Sec. (6.3). The physics objects are reconstructed as described in Sec. (4). If a
hadronically decaying τ candidate is present, the event is rejected.

For all events, two oppositely charged leptons are required. The lepton flavours
in the final states of the H(τ+τ−)→ `+`−4ν process form three categories: the ee,
µµ and eµ channel. The transverse momentum pt thresholds of the two leptons are
chosen depending on their flavour and summarised in Tab. 6.2. The pt thresholds for
electrons is 15 GeV, chosen to suppress fake lepton background from multi-jet events.
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The muon threshold is 10 GeV except for the leading muon in the µµ channel, which
has to exceed pt > 20 GeV, chosen to suppress background events [73].

The pt distributions for all leptons are presented in Fig. BI.1-BI.2. In order to
increase statistics, the ee- and the µµ-channels are combined in the following, as the
background contributions arise from similar processes.

In Fig. 6.11, the invariant mass spectrum for the combined ee + µµ channel is
shown. The dominating contributions are Z/γ∗ → ee/µµ (DY) events followed by
top-quark processes. The invariant mass of leptons from Z/γ∗ → ττ is shifted away
from the Z-peak towards lower values, as the energy of the undetected neutrinos
does not contribute to the spectrum. W → `ν processes give rise to background
contributions along the whole mass spectrum. The mass of the leptons from the
signal process is mainly between 20 GeV < m`` < 100 GeV. Overall, data and
MC simulation show a good agreement with only small deviations. The detector
simulation effect also seen in Sec. (6.5.1) is again visible around the Z-peak.
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Figure 6.11.: Invariant mass spectrum of the selected leptons in the combined ee+
µµ channel. The MC contributions are normalised to the integrated
luminosity of the data set. The dotted line depicts the Higgs signal
with a simulated Higgs mass of mH = 125 GeV. The yellow band is
calculated by combining statistical and systematic uncertainty.

The invariant spectrum for the eµ channel is shown in Fig. BI.3. The main
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background contributions are caused by tt̄ and single top processes, followed by
Z/γ∗ → ττ events. Because of the different flavours of the leptons in the final state,
the Z/γ∗ → ee/µµ process is suppressed. The deviation of the MC contributions
from data, especially for low invariant mass values is caused by fake leptons from
multi-jet background, as can be seen in the mass spectrum in Fig. BI.4 and will be
removed in the following by dedicated cuts [73].
As the background contributions differ for the combined and for the eµ channel,
different mass windows are selected. In the combined channel, a tighter requirement
needs to be applied in order to suppress the DY contributions. The mass windows
are defined as

30 GeV < mee+µµ < 75 GeV

30 GeV < meµ < 100 GeV .

The event yields after this requirement are presented in Tab. BII.1. Overall, 11.6
VBF Higgs signal events and 110200 background events are expected in the combined
channel, while 13.7 signal events and 88100 background events are modelled for the
eµ channel,

In order to reject the multi-jet background, a cut on the transverse momenta of
the di-lepton system, calculated from the four-vector of each lepton, is applied.
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Figure 6.12.: The pt(``) spectrum of the di-lepton systems after the mass window
cut. The hatched box depicts the uncertainty on the MC event yields
per bin due to the jet energy scale calibration.
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The spectra for both channels are shown in Fig. 6.12. For the combined ee + µµ

channel, a threshold of pt(``) > 35 GeV is chosen. As more multi-jet contributions
for the eµ channel are observed and enriched in a low-pt region, a higher threshold
of pt(eµ) > 45 GeV is applied. This rejects the majority of the multi-jet background
[73].

In Fig. 6.13, the pt spectrum for the leading jet in the selected events is shown.
In order to suppress Drell-Yan (DY), di-boson and W → `ν backgrounds, a leading
jet with pt > 40 GeV is required for the selection. The inclusive number of jets with
pt > 40 GeV and the η and φ distributions for the selected leading jet is presented
in Fig. BI.5. The contributions of the top backgrounds are only marginally affected
by this cut.
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Figure 6.13.: The pt spectrum of the leading jet in the selected events after the
di-lepton pt requirement.

As motivated in Sec. (6.1), the presence of a high-pt jet in the selection leads to
a boost of the Higgs’ decay products in the transverse plane. As a consequence,
the missing transverse energy 6ET of the signal events is expected to be large. The
distribution of 6ET can be seen in Fig. 6.14. The cut 6ET > 40 GeV for the combined
channel is chosen to be tighter than cut for the eµ channel with 6ET > 20 GeV in
order to reject DY background efficiently.
As shown in [73], an additional cut on the high-pt object missing transverse energy
6EHPTO
T , defined in Equ. 4.1, is expected to improve the suppression of DY back-

grounds. The distribution of 6EHPTO
T is shown in Fig. 6.15. The kink observed at
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Figure 6.14.: Distributions of 6ET for events after the pt > 40 GeV requirement for
the leading jet.

40 GeV in the distributions is caused by the contribution of the leading jet to the
calculation of 6EHPTO

T . By requiring 6EHPTO
T > 40 GeV DY background as well as top

backgrounds are suppressed, while maintaining the majority of the signal events.
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Figure 6.15.: Spectrum of the 6EHPTO
T for the eµ-channel after the 6ET cut.
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Visible Momentum Fraction Because of the boost of the τ -leptons produced by
the Higgs boson, their decay products are also boosted. In the collinear approxima-
tion, discussed more detailed in Sec. (6.6.3), it is assumed that the decay products
of the τ are produced collinearly. This means, that the neutrinos are aligned with
the visible leptons from the τ decay [118].
Background events, not originating from τ leptons can be suppressed by a require-
ment on the visible momentum fractions x1/2. They describe the detected fraction
of the τ momentum, i.e. x1 the fraction for the τ -parent of the leading lepton and
x2 for the sub-leading lepton. They can be calculated as

x1/2 =
pvis

1/2
pvis

1/2 + pmiss
1/2

(6.4)

where pvis
1/2 denote the leptons’ momenta and pmiss

1/2 the momenta associated with the
neutrinos. The exact definitions are given in Sec. (6.6.3). The fractions, depicted
in Fig. 6.16, are required to be 0.1 < x1/2 < 1.0, thereby suppressing tt̄ and DY
backgrounds in both channels.
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Figure 6.16.: Visible momentum fractions x1 (top) and x2 (bottom) after the 6ET
(combined) and 6EHPTO

T (emu) requirements.

Finally, a requirement on the difference in φ between the two leptons in the final
state is applied. In Fig. 6.17, the distribution of ∆φ`` = |φ(`1) − φ(`2)| is shown.
As the two τ -leptons from the Higgs decay are boosted, their decay products are
as well. Hence the leptons are not back-to-back in the transverse plane of the
laboratory frame. By choosing a cut window of 0.5 < ∆φ(``) < 2.5 large amounts of
DY background events are suppressed. Furthermore, events with leptons originating
from top events are rejected.

The event yields after these selection steps are shown in Tab. BII.2. For the com-
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Figure 6.17.: Distribution of the angular difference ∆φ`` after the visible momen-
tum fraction cuts.

bined channel, 48% of the background events after the ∆φ`` requirement originate
from Z → ττ , 28% from top and 21% from Z → `` processes. For the eµ channel,
Z → ττ events give rise to 51% of the background events, while 46% originate from
top processes. Compared to the event yields after the mass window cut, the signal
events in the combined channel are reduced by 64% and the background events by
99.6%. 99.7% of the data events are vetoed. For the eµ channel, the applied cuts
yield a reduction of 59% signal, 95% background events and 97% of data.

6.6.2. VBF H(τ+τ−)→ `+`−4ν Selection

After the selection of H(τ+τ−) → `+`−4ν events produced in any of the modes
introduced in Sec. (2.2.2), selection criteria concerning the vector boson fusion pro-
duction (VBF) mode are applied. The full process is described in detail in Sec. (6.1).
The jets originating from the quark scattering are referred to as tagging jets in the
following.

A leading jet with pt > 40 GeV is already required for the considered events. A
second tagging jet is expected for a VBF signal event. The pt(j2)-spectrum for the
sub-leading jet in the events after the ∆φ`` cut is shown in Fig. 6.18 and the η and
φ distributions can be found in Fig. BI.6. A second jet with pt > 25 GeV is required
for the selection, reducing background contributions from W → `ν and DY events.
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The inclusive number of jets after the pt(j2) cut is shown in Fig. BI.6.

 var
20 40 60 80 100 120 140 160 180 200

E
nt

rie
s 

/ G
eV

1

10

210
ATLAS Work in Progress

µµee+

 = 8 TeVs, 
-1

 L dt = 13.06 fb∫
Data

 ll→*γZ/

Top
ττ →*γZ/

Diboson

νl→W
 ll→VBF Z 

ττ →VBF Z 
ττ →10x H 

JES Uncert.

 [GeV]
t

Subleading Jet p
20 40 60 80 100 120 140 160 180 200

D
at

a/
M

C

0.5

1

1.5
 var

20 40 60 80 100 120 140 160 180 200

E
nt

rie
s 

/ G
eV

1

10

210
ATLAS Work in Progress

µe

 = 8 TeVs, 
-1

 L dt = 13.06 fb∫
Data

 ll→*γZ/

Top
ττ →*γZ/

Diboson

νl→W
 ll→VBF Z 

ττ →VBF Z 
ττ →10x H 

JES Uncert.

 [GeV]
t

Subleading Jet p
20 40 60 80 100 120 140 160 180 200

D
at

a/
M

C

0.5

1

1.5

Figure 6.18.: The pt(j2) spectrum of the sub-leading jet in the selected events
after the ∆φ`` requirement.

As motivated in Sec. (6.1), the tagging jets are expected to be well separated
in η for a VBF signal event, while the difference in η for the leading jets in the
background events is expected to be small.
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Figure 6.19.: The pseudorapidity difference ∆ηjj after requiring a second jet.

In Fig. 6.19, the corresponding distributions for ∆ηjj = |η(j1)−η(j2)| are presented.
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For the tagging jets, mainly large ∆ηjj ∼ 4 are modelled, while the majority of the
leading jets in the background events only show small ∆ηjj < 2. An optimal cut
value of ∆ηjj > 3.0 is imposed for the event selection, in order to efficiently suppress
large amounts of all background contributions.

Furthermore, the tagging jets in a VBF event typically form a high invariant mass.
The distribution for this di-jet mass is shown in Fig. 6.20 after the ∆ηjj cut. In
order to suppress DY, tt̄ and di-boson processes, the di-jet mass is required to exceed
mjj > 400 GeV.
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Figure 6.20.: Invariant mass spectrum of the leading jets mjj after the ∆ηjj .

The event yields at this selection stage are presented in Tab. BII.3. For the combined
channel, 35% of the background contribution arises from Z → e+e−/µ+µ− processes,
34% from top events and 30% from the Z → τ+τ− process. A reduction of 95% of
the background events is achieved, compared to the yield after the ∆φ`` requirement,
while 64% signal are lost. The number of data events is reduced by 95%.
In the eµ channel, 61% of the background contribution are originating from top
processes and 35% from the Z → τ+τ− events. Compared to the yield after the
∆φ`` requirement, the background events are reduced by 96% and the signal events
by 56%. 95% of the data events are rejected.
In Fig. BI.7 the inclusive number of jets in the remaining events is presented.

In order to suppress remaining background contributions from tt̄ and single-top
processes, a b-tag veto is applied, using the MV1-tagger, as discussed in Sec. (4). If
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a jet with a b-tag weight of > 0.795 is found, the event gets rejected. The impact of
this veto, can be inferred by comparing the event yields after the ∆φ`` requirement
in Tab. BII.3 with the yields after a veto in Tab. BII.4. Additionally, the inclusive
jet multiplicity after the b-tag veto is shown in Fig. BI.8 and can be compared with
the multiplicity before the veto in Fig. BI.7. The b-tag veto efficiently rejects 73%
of the top background and 26% of the total background in the combined channel,
while 1.6% of the signal events is vetoed. 22% of the data events are rejected.
In the eµ channel, 72% of the top events and 45% of total background processes
are vetoed. A loss of 5% of the signal events is expected. In data, 42% events are
vetoed.

As motivated in Sec. (6.1), a veto on events with an additional central jet can
be applied in order to discriminate between VBF signal and background events.
Following [73], the veto on events with additional jets with pt(j3) > 25 GeV within
|η| < 2.4 is applied, if they lie in-between the two leading jets |ηj1/2| < |ηj3| <
|ηj2/1|. This reduces the remaining DY and top background, as can be seen in the
pt spectrum of the third leading jet, fulfilling the centrality constraint in Fig. 6.21.
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Figure 6.21.: The pt(j3) spectrum of third leading jet with |η < 2.4|, located
between the tagging jets after the b-tag veto.

The η(j3) distributions of third jets in-between the tagging jets without the |η| < 2.4
requirement is shown in Fig. BI.9. The definition of this central jet veto can be
optimised, as will be presented in Sec. (6.6.4).

As a final selection criterium, the leptons in the final state are required to lie
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between the two leading jets, i.e.

min (ηj1, ηj2) < η`1,`2 < max (ηj1, ηj2) (6.5)

This requirement is another characteristic of the VBF event topology, as explained
in Sec. (6.1). The η distributions of the leptons and jets in the events before the cut
are shown in Fig. BI.10-BI.11.

This concludes the event selection for VBF H(τ+τ−)→ `+`−4ν. The final event
yields are depicted in Tab. BII.5. For the combined channel, 1.7 signal events and
overall 70 background events remain, of which 54% originate from Z → e+e−/µ+µ−,
30% from the Z → τ+τ− processes and 5% from top events.
For the eµ channel, 2.0 signal events are present after all selection steps. The
43 remaining background events are composed of 59% Z → τ+τ− and 31% top
contributions.
The statistical uncertainty after the full selection is large, as only a small amount
of events survive the selection.

6.6.3. Collinear Mass Approximation

The presence of neutrinos in τ decays introduces an experimental challenge for the
exact reconstruction of the kinematics in a H → τ+τ− event. Several techniques
were proposed to reconstruct the invariant mass mττ of the τ -pairs, such as the
collinear mass approximation, the effective mass or the missing mass calculator
[62, 119–121].

As a final observable, the invariant mass mττ is reconstructed with the collinear
approximation in the following. When the mass of the parent particle of the τ -
leptons is larger than the mass of the τ -leptons themselves, the latter are boosted in
the parent particle’s rest frame. For the signal sample with a Higgs mass of 125 GeV
this condition is fulfilled.

The collinearity requirement allows to write the energy of the τ as sum of the
neutrino’s energy Eν and the visible energy from the lepton E`, Eτ1 = E` + Eν .
When neglecting the mass of the τ -leptons, mτ ≈ 0, the invariant mass of a di-tau
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system can be calculated as

m2
ττ = 2m2

τ + 2(Eτ1Eτ2 − ~pτ1~pτ2)

= 2Eτ1Eτ2 (1− cosϑ(τ1, τ2))

= 2Eτ1(E`1 + Eν1)(E`2 + Eν2) (1− cosϑ(τ1, τ2)) (6.6)

where ϑ(τ1, τ2) denotes the angle between the two leptons.

The fraction of the τ momentum, which is carried by the neutrinos can be
parametrised by the visible momentum fractions x1/2, which were introduced ear-
lier. By assuming that the x- and y-components of 6ET are equal to the neutrinos’
momenta, the visible momentum fraction can be written as

x1 = pvis
1

pvis
1 + pmiss

1
=

p`1x p
`2
y − p`1y p`2x

p`1x p
`2
y − p`1y p`2x + 6ET xp`2y − 6ET yp`2x

x2 = pvis
2

pvis
2 + pmiss

2
=

p`1x p
`2
y − p`1y p`2x

p`1x p
`2
y − p`1y p`2x − 6ET xp`1y + 6ET yp`1x

. (6.7)

By combining Equ. 6.6 and Equ. 6.7, the invariant mass of the di-tau system can be
written as

mττ = m`1`2√
x1x2

(6.8)

when requiring x1x2 > 0. The definitions of the visible momentum fractions are
only meaningful, if the two τ -leptons do not decay back-to-back in the laboratory
frame. This is the case for the Higgs signal and ensured by the ∆φ`` cut.

In Fig. 6.22, the mττ spectrum following the definition in Equ. 6.8 for the selected
events is shown for both channels. The collinear mass for the Higgs signal is near
the generated mass of 125 GeV, hence validating the used method.
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Figure 6.22.: Reconstructed mττ spectrum in the collinear approximation for
events after the full VBF Higgs signal selection.

6.6.4. Central Jet Veto Optimisation Studies

As motivated in Sec. (6.1), the presence of a third jet in a selected VBF event can
either indicate a background event, or a higher order signal process, like ISR and
FSR or colour reconnection. For the latter processes, only marginal jet activity in
the central region is expected.
The definition of a central jet veto (CJV) has to be chosen carefully, such that the
topology of the VBF events are described correctly. In the selection in Sec. (6.6.2),
a veto on central third jets with pt(j3) > 25 GeV and |η(j3)| < 2.4 in-between the
tagging jets of the VBF event was applied. In the following, three different CJV-
observables are defined and compared with this definition in terms of significance
for the selection.
For the signal, a Higgs mass of 125 GeV is assumed. The MC samples are normalised
to an integrated luminosity of 13.06 fb−1. Only events passing the b-tag veto, as
described in Sec. (6.6.2) are considered.

Variables

From the previous considerations in Sec. (6.1) it becomes evident, that a requirement
needs to be defined, which allows for a discrimination between background and signal
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events with additional jets. This discriminator has to describe the centrality of the
additional jets in the VBF events. Four different observables are defined as follows:

• The pseudorapidity of the additional jets in the selected events, denoted as

ηj3

is considered. For a signal event, the rapidity for an additional jet is expected
to be large, as the jet arises from collinear emissions of the tagging jets, which
are located in the forward and backward detector region.
The veto condition is formulated as: If any additional jet is found within an
area smaller than the threshold on |ηj3|, the event is rejected.

• The second considered variable is again the pseudorapidity of the additional
jet, but with a constraint on the location of the jet. This constraint states,
that only jets are considered for the veto, which lie within the tagging jets, i.e.

ηc
j3 ≡ ηj3, if min (ηj1, ηj2) < ηj3 < max (ηj1, ηj2) .

The veto condition then states, that events are rejected, if a jet within the
threshold |ηc

j3| is found. If no jet fulfilling the centrality constraint is present,
the event is accepted. This corresponds to the veto definition applied in the
selection in Sec. (6.6.2), but with a variable |η(j3)| threshold.

• Are more sophisticated formulation is introduced with the variable η∗, which
is the difference between the pseudorapidity of the additional jet j3 and the
mean rapidity of the tagging jets, i.e.

η∗ ≡ ηj3 −
1
2 (ηj1 + ηj2) .

Hence, this observable describes the position of the additional, third jet with
repsect to the pseudorapidity difference formed by the two tagging jets. If the
third jet is near the centre of both tagging jets, |η∗| is very small. Large values
for |η∗| describe a configuration, where the third jet is near one of the tagging
jets. Therefore, a discrimination between background events with central jets
and signal events with additional collinear jets is possible.
The veto therefore states, that events with a jet with |η∗| smaller than a certain
threshold are rejected.

• The final CJV variable considered in this study, is the direction of the addi-
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tional jet with respect to the tagging jets, defined as

Z∗ ≡ η∗

|ηj1 − ηj2|
.

It is hence a normalisation of η∗ on the pseudorapidity difference of the two
leading jets. For a third jet within the region formed by the tagging jets,
|Z∗| < 1

2 and for a third jet outside this region |Z∗| > 1
2 . The veto condition is

similar to the previous ones, as only events are accepted, which contain only
jets above a certain threshold of |Z∗|.

If no third jet is present in the selected events, the event is accepted for all veto
definitions.

For the optimisation of the CJV, all introduced variables are calculated after the
b-tag veto in Sec. (6.6.2). All additional jets in an event are taken into account
for the performance comparison, in order to increase statistics. Furthermore, the
pt(j3) threshold for the considered jets is varied in three steps for all variables. A
loose pt(j3) > 20 GeV, a medium pt(j3) > 25 GeV and a tight requirement of
pt(j3) > 30 GeV is defined. Each CJV variable is calculated with third jets, which
fulfil the applied pt(j3)-criterion. If no jet fulfils the specified requirement, the event
is accepted. Hence, for each variable three distributions are calculated. This allows
for a two-dimensional optimisation, as the performance between different pt(j3)
thresholds for each variable can be compared.

The distribution for η∗ for all additional jets in the events with a threshold of
pt(j3) > 20 GeV and pt(j3) > 30 GeV after the b-tag veto are shown in Fig. 6.23.
The signal events are enriched for large η∗ ∼ 3, which meets the expected behaviour
described in Sec. (6.6.4). In Fig. BIII.13-BIII.15, the distributions for all other vari-
ables and all thresholds are presented. With increasing pt-threshold, less additional
jets with high pt are modelled in the MC.
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Figure 6.23.: Distribution for η∗ and pt(j3) > 20 GeV (top) and pt(j3) > 30 GeV
(bottom) after the b-tag veto. The right bin in each distribution
contains all events which do not exhibit a third jet above the corre-
sponding pt(j3) threshold.

Optimisation Strategy

The performances of the CJV definitions are compared, using the selected events
from signal and background MC samples. In order to quantify the performance, a
figure-of-merit for the significance S of the CJV is defined as

S = NSig√
NSig +NBg

(6.9)
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where NSig denotes the expected number of VBF H(τ+τ−)→ `+`−4ν surviving the
veto and NBg the expected number of remaining background events. The statistical
uncertainty of this significance is calculated assuming that NBg >> NSig. The
variation is then given as

σ2
S =

(
∂S

∂NSig

)2

σ2
NSig +

(
∂S

∂NBg

)2

σ2
NBg

= S2

4 (NSig +NBg)2

[
(NSig + 2NBg)2

N2
Sig

σ2
NSig + σ2

NBg

]

with σ2
NSig

and σ2
NBg

calculated from the quadratic sum of the statistical errors of
each bin contributing to NBg and NSig. The systematic uncertainty of the event
yields is not propagated to the uncertainty of the significance, as a reasonable cal-
culation of the systematics suffers from the lack of statistics.
The veto thresholds are successively raised and the corresponding significance cal-
culated. A high significance corresponds to a good discrimination between signal
and background events. Hence, the veto providing the maximal significance will be
determined.

Results

In Fig. 6.24-6.25, the significances of the vetos with successively increasing thresholds
for all variables is presented for each pt(j3) threshold on the considered jets. The
red line corresponds to the significance of a strict veto, rejecting all events with
an additional third jet with pt(j3) > 20 GeV. Each significance curve converges
towards the corresponding strict pt(j3) veto, as it gets unlikely to find additional
jets with very high values of the CJV-observables. For better visibility, only the
strict pt(j3) > 20 GeV veto is presented.

The statistical errors of the significances in the curves are correlated, since events
passing one veto threshold are also included in the previous calculation. An event
including a jet with |η∗| = 3, for example, is contributing to the significance of a
veto |η∗| < 2 as well as to |η∗| < 2.5. Hence, the statistical errors do not reflect
the fluctuation of the curves but rather the overall statistics uncertainty. The errors
are therefore only shown for the maximum of the curves. For all variables and each
pt(j3) threshold, the maximal significances are depicted in Tab. 6.6.
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Figure 6.24.: The significances for successively increasing veto thresholds on η∗

(top) and Z∗ (bottom) are presented. The black line corresponds to
the loose, the green to the medium and the pink line to the tight
pt(j3) threshold. The statistical error is only shown for the maximal
significance.

For the combined channel, the highest significance among all variables is achieved
by a veto on

|ηc
j3| < 0.85 with S = 0.267± 0.024 for pt(j3) > 25 GeV

85



6. Studies for VBF H(τ+τ−)→ `+`−4ν Searches

(j3)|η|
0 1 2 3 4 5 6

ev
ts

N
/

si
g

N

0.15

0.225
ATLAS Work in Progress

µµee+

 = 8 TeVs, 
-1

 L dt = 13.06 fb∫
(j3) > 20 GeV

t
Veto p

(j3) > 20 GeV
t

p

(j3) > 25 GeV
t

p

(j3) > 30 GeV
t

p

(j3)|η|
0 1 2 3 4 5 6

ev
ts

N
/

si
g

N

0.19

0.32
ATLAS Work in Progress

µe

 = 8 TeVs, 
-1

 L dt = 13.06 fb∫
(j3) > 20 GeV

t
Veto p

(j3) > 20 GeV
t

p

(j3) > 25 GeV
t

p

(j3) > 30 GeV
t

p

(j3)|cη|
0 1 2 3 4 5 6

ev
ts

N
/

si
g

N

0.15

0.225
ATLAS Work in Progress

µµee+

 = 8 TeVs, 
-1

 L dt = 13.06 fb∫
(j3) > 20 GeV

t
Veto p

(j3) > 20 GeV
t

p

(j3) > 25 GeV
t

p

(j3) > 30 GeV
t

p

(j3)|cη|
0 1 2 3 4 5 6

ev
ts

N
/

si
g

N

0.19

0.32
ATLAS Work in Progress

µe

 = 8 TeVs, 
-1

 L dt = 13.06 fb∫
(j3) > 20 GeV

t
Veto p

(j3) > 20 GeV
t

p

(j3) > 25 GeV
t

p

(j3) > 30 GeV
t

p

Figure 6.25.: The significances for successively increasing veto thresholds on ηj3
(top) and ηcj3 (bottom). The black line corresponds to the loose, the
green to the medium and the pink line to the tight pt(j3) threshold.
The statistical error is only shown for the maximal significance.

For the eµ channel, the veto

|η∗| < 2.20 with S = 0.278± 0.027 for pt(j3) > 25 GeV

is most successful in discriminating background from signal events. In general, a
p(j3) threshold of 25 GeV yields the highest significances.
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The standard central jet veto

|ηc
j3| < 2.40 for pt(j3) > 25 GeV

applied in the VBF H(τ+τ−)→ `+`−4ν selection in Sec. (6.6.1) yields significances
of

• S = 0.256± 0.025 for the combined and

• S = 0.263± 0.025 for the eµ channel.

The optimisation of the CJV hence results in a ∼ 4% more significant discrimination
between background and signal for the combined channel and ∼ 6% for the eµ
channel compared to the current standard.

Channel ee+ µµ eµ

pt(j3) Veto Significance Veto Significance

> 20 GeV

|ηj3| < 1.00 0.189± 0.019 |ηj3| < 1.25 0.228± 0.017
|ηc
j3| < 1.25 0.228± 0.017 |ηc

j3| < 2.10 0.227± 0.018
|η∗| < 1.95 0.196± 0.023 |η∗| < 2.20 0.238± 0.020
|Z∗| < 0.38 0.186± 0.020 |Z∗| < 0.34 0.227± 0.017

> 25 GeV

|ηj3| < 0.90 0.202± 0.022 |ηj3| < 0.85 0.267± 0.024
|ηc
j3| < 0.85 0.267± 0.024 |ηc

j3| < 0.85 0.268± 0.024
|η∗| < 1.95 0.199± 0.023 |η∗| < 2.20 0.278± 0.027
|Z∗| < 0.14 0.197± 0.020 |Z∗| < 0.34 0.266± 0.024

> 30 GeV

|ηj3| < 0.90 0.176± 0.016 |ηj3| < 3.30 0.257± 0.025
|ηc
j3| < 3.30 0.257± 0.025 |ηc

j3| < 2.10 0.259± 0.024
|η∗| < 0.90 0.177± 0.016 |η∗| < 2.20 0.269± 0.025
|Z∗| < 0.10 0.175± 0.016 |Z∗| < 0.62 0.259± 0.025

Table 6.6.: A summary of the optimised discriminating veto thresholds and the
resulting significances together with their statistical error is shown for
all CJV variables. For example, a veto on |η∗| < 1.0 means, that all
events fulfilling this requirement are rejected.
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7. Conclusion and Outlook

In this thesis, a study conducted with data corresponding to an integrated luminosity
of 13 fb−1 data at

√
s = 8 TeV recorded with the Atlas detector is presented. The

aim of this study is an optimisation of the cut-based selection of H(τ+τ−)→ `+`−4ν
events produced in vector boson fusion (VBF) for the search of the Standard Model
Higgs boson.

In order to validate the performance of the constructed framework and the Monte
Carlo (MC) samples used for the analysis, a control region for studying the Drell-
Yan background simulation performance of Alpgen was defined. At early selection
stages, overestimations for the modelling of high-pt jet kinematics are observed.
After selecting a kinematic region similar to the one used to select VBF events, a
good agreement between data and MC simulation within the uncertainties is found.
As an intermediate result, the survival efficiency for a veto on third jets in the
selected events was calculated. The efficiencies reveal, that most of the additional
jets in the Drell-Yan background events carry a low transverse momentum, as they
converge to 1 for high-pt thresholds. Only small deviations of ∼ 4% between data
and MC simulation are observed for veto-efficiencies at low-pt thresholds. Hence,
Alpgen provides a satisfying simulation performance of the background modelling
for the VBF Higgs signal region.

After the validation, the selection of VBF H(τ+τ−) → `+`−4ν events was per-
formed. For the three lepton flavour combinations in the final state, ee, µµ and
eµ, the effects of each selection step was studied in data and simulation. The ee
and µµ channels were combined to increase statistics. A good agreement between
simulation and data within the uncertainties is observed. As a final discriminant,
the invariant mass of the two tau-leptons from the Higgs decay was reconstructed
after the selection, using the collinear approximation.

An important characteristic of the VBF H(τ+τ−) → ``4ν event signature is a
marginal jet activity in the central region. In order to discriminate background
and signal events, a central jet veto (CJV) was applied in the selection. For the
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optimisation of the selection, different definitions for the CJV were investigated
and compared. The most successful discriminating definition was determined by
maximising the significance for the signal selection.
For the ee+ µµ channel, a veto on third jets located between the tagging jets with
pt(j3) > 25 GeV and |η| < 0.85 provides the highest significance. Vetoing events
including third jets with |η∗| < 2.20, proved to be the best discriminator in the eµ
channel. Compared to the veto applied in the VBF H(τ+τ−) → `+`−4ν selection,
a 4− 6% higher significance was achieved.

Outlook For a complete picture of the study, all systematic uncertainties on the
normalisation and physics object reconstruction need to be taken into account.
In order to expedite the analysis efforts of the Higgs physics group in Göttingen,
the constructed framework can be delocalised and moved to the GRID for analysis
runs. This would simplify programming validations and increase the speed of the
analysis runs.
Multivariate analysis (MVA) techniques take into account the impact of a variation
in one variable on the other considered observables. This gives an advantage over
cut-based optimisations, as multi-dimensional cross-checks can be conducted and
the impact on the whole analysis can be studied. The usage of such a MVA for
the CJV optimisation would hence result in a more mature statement and increased
sensitivity and should be used for full exploitation of the CJV.
The final discrimination between signal and background events can be performed, by
using a more sophisticated reconstruction of the τ -pair mass, like the Missing Mass
Calculator (MMC) and fitting the MMC mass after applying the MVA selection.

In order to state, whether the discovered boson is indeed the SM Higgs boson with
certainty, its coupling to fermions, triple and quartic self couplings, spin and parity
properties, as well as signal strength for all channels need to be studied precisely in
future analyses.
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A. Studies in a Z → e+e− Control
Region

I. Control Plots
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Figure AI.1.: The pt spectrum of the leading electron (left) and sub-leading elec-
tron (right) after the preselection.
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Figure AI.2.: The η and φ distributions of the leading (left) and sub-leading jet
(right) for Z → e+e− events after the mass window requirement.
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I. Control Plots
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Figure AI.3.: The pt, η and φ distributions for third jets in-between the two lead-
ing jets for the Z → e+e− events after the mjj requirement.
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A. Studies in a Z → e+e− Control Region

II. Event Yield Tables

Process #Events Syst. Uncert. Stat. Uncert.

Z/γ∗ → e+e− + jets 4159109 +0 ±3438−2

Top 4947 +0 ±38−0

Di-boson 5494 +0 ±27−0

VBF Z/γ∗ → e+e− 1388 +0 ±4−0

MC Sum 4170938 +0 ±3438−2
Data 4054402 - ±2014

Table AII.1.: Event yields for the Z → ee candidates after the mass window cut.

Process #Events Syst. Uncert. Stat. Uncert.

Z/γ∗ → e+e− + jets 11348 +1550 ±192−1254

Top 192 +12 ±8−8

Di-boson 81 +8 ±3−8

VBF Z/γ∗ → e+e− 376 +9 ±2−10

MC Sum 11994 +1550 ±192−1254
Data 11632 - ±108

Table AII.2.: Event yields for the Z → e+e− candidates after themjj requirement.
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B. Studies for VBF H(τ+τ−)→ `+`−4ν

Searches

I. Control Plots
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Figure BI.1.: pt spectra for the leading leptons after the preselection.
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Figure BI.2.: pt spectra for the subleading leptons.
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Figure BI.3.: Invariant mass spectrum of the selected leptons in the eµ channel
after the lepton requirement.
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I. Control Plots

Figure BI.4.: Invariant mass spectrum for eµ channel from [73].
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Figure BI.5.: Inclusive Jet multiplicity (top), η (middle) and φ (bottom) spectra
for leading jets with pt > 40 GeV after the di-lepton pt requirement.
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Figure BI.6.: Inclusive Jet multiplicity (top), η (middle) and φ (bottom) spectra
for subleading jets with pt > 25 GeV after the ∆φ`` cut.
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Figure BI.7.: Inclusive jet multiplicity after mjj requirement.
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Figure BI.8.: Inclusive jet multiplicity after b-tag veto.
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I. Control Plots
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Figure BI.9.: η distribution for central third jets with pt(j3) > 25 GeV after b-tag
veto.
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Figure BI.10.: η spectra for the leading leptons the central jet veto.
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I. Control Plots
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Figure BI.11.: η spectra for the leading jets after the central jet veto.
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B. Studies for VBF H(τ+τ−)→ `+`−4ν Searches

II. Event Yield Tables

In this section, the event yields for selected cut-stages of the VBFH(τ+τ−)→ `+`−4ν
selection are presented. The MC samples used for modelling the physics processes
are discussed in Sec. (5.3).

The tables are organised as follows: The upper table shows the event yields for the
combined e+e− + µ+µ− channel and the lower table the yields for the eµ channel.
The tables contain the number of events and their systematic and statistical uncer-
tainty. The contributions from the background are summed and their uncertainties
combined. Furthermore, the event yields for the selected data is presented, but, as
not applicable, without systematics.
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II. Event Yield Tables

Combined e+e− + µ+µ− channel
Process #Events Syst. error Stat. Error

Z/γ∗ → e+e−/µ+µ− + jets 1023578 +0 ±6559−0

Top 15877 +0 ±70−0

Z/γ∗ → τ+τ− + jets 54911 +0 ±411−0

Di-boson 3717 +0 ±24−0

W → `ν 3332 +0 ±264−0

VBF Z/γ∗ → e+e−/µ+µ− 461 +0 ±3−0

VBF Z/γ∗ → τ+τ− 188 +0 ±87−0

VBF H(τ+τ−)→ `+`− 11.55 +0.01 ±0.17−0.01

Background Sum 1102063 +0 ±6578−0
Data 1101559 − ±1050

e±µ∓ channel
Process #Events Syst. error Stat. Error

Z/γ∗ → e+e−/µ+µ− + jets 1689 +0 ±73−0

Top 23640 +0 ±85−0

Z/γ∗ → τ+τ− + jets 55519 +0 ±415−0

Di-boson 4373 +0 ±27−0

W → `ν 3712 +0 ±237−0

VBF Z/γ∗ → e+e−/µ+µ− 0.9 +0 ±0.1−0

VBF Z/γ∗ → τ+τ− 246 +0 ±111−0

VBF H(τ+τ−)→ `+`− 13.66 +0.01 ±0.19−0.01

Background Sum 89180 +0 ±504−0
Data 116594 − ±341

Table BII.1.: Event yields after the mass window requirement.
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B. Studies for VBF H(τ+τ−)→ `+`−4ν Searches

Combined e+e− + µ+µ− channel
Process #Events Syst. error Stat. Error

Z/γ∗ → e+e−/µ+µ− + jets 697 +35 ±52−52

Top 934 +25 ±17−22

Z/γ∗ → τ+τ− + jets 1608 +83 ±75−58

Di-boson 46 +2 ±3−1

W → `ν 40 +6 ±12−0

VBF Z/γ∗ → e+e−/µ+µ− 2.4 +0.2 ±0.2−0.2

VBF Z/γ∗ → τ+τ− 8 +0 ±7−0

VBF H(τ+τ−)→ `+`− 4.13 +0.08 ±0.10−0.10

Background Sum 3335 +94 ±94−81
Data 3693 − ±61

e±µ∓ channel
Process #Events Syst. error Stat. Error

Z/γ∗ → e+e−/µ+µ− + jets 35 +0 ±11−0

Top 2089 +6 ±25−9

Z/γ∗ → τ+τ− + jets 2310 +24 ±89−43

Di-boson 85 +1 ±4−2

W → `ν 47 +0 ±13−0

VBF Z/γ∗ → e+e−/µ+µ− 0.09 +0 0.04−0

VBF Z/γ∗ → τ+τ− 4 +0 ±4−0

VBF H(τ+τ−)→ `+`− 5.56 +0.03 ±0.12−0.02

Background Sum 4570 +25 ±94−44
Data 4736 − ±69

Table BII.2.: Event yields after the ∆φ`` requirement.
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II. Event Yield Tables

Combined e+e− + µ+µ− channel
Process #Events Syst. error Stat. Error

Z/γ∗ → e+e−/µ+µ− + jets 58 +4 ±19−3

Top 56 +3 ±4−4

Z/γ∗ → τ+τ− + jets 48 +20 ±13−0

Di-boson 2.1 +0.3 ±0.6−0.0

W → `ν 0 +0 −−0

VBF Z/γ∗ → e+e−/µ+µ− 0.34 +0.08 ±0.06−0.07

VBF Z/γ∗ → τ+τ− 0.2 +0 ±0.2−0

VBF H(τ+τ−)→ `+`− 2.00 +0.09 ±0.07−0.09

Background Sum 164 +20 ±23−5
Data 172 − ±13

e±µ∓ channel
Process #Events Syst. error Stat. Error

Z/γ∗ → e+e−/µ+µ− + jets 3 +0 ±3−0

Top 121 +2 ±6−3

Z/γ∗ → τ+τ− + jets 69 +2 ±15−0

Di-boson 3.2 +0.4 ±0.7−0.8

W → `ν 3 +0 ±3−0

VBF Z/γ∗ → e+e−/µ+µ− 0.04 +0 0.03−0

VBF Z/γ∗ → τ+τ− 0 +0 ±0−0

VBF H(τ+τ−)→ `+`− 2.44 +0.08 ±0.08−0.10

Background Sum 199 +3 ±16−3
Data 169 − ±13

Table BII.3.: Event yields after the mjj requirement.
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B. Studies for VBF H(τ+τ−)→ `+`−4ν Searches

Combined e+e− + µ+µ− channel
Process #Events Syst. error Stat. Error

Z/γ∗ → e+e−/µ+µ− + jets 56.70 +3.28 ±18.89−2.90

Top 15.01 +0.27 ±2.42−0.85

Z/γ∗ → τ+τ− + jets 47.77 +19.17 ±12.63−0

Di-boson 2.01 +0.32 ±0.60−0.03

W → `ν 0 +0 −−0

VBF Z/γ∗ → e+e−/µ+µ− 0.34 +0.08 ±0.06−0.07

VBF Z/γ∗ → τ+τ− 0.18 +0 ±0.18−0

VBF H(τ+τ−)→ `+`− 1.92 +0.09 ±0.07−0.08

Background Sum 122.01 +19.46 ±22.86−3.02
Data 135.00 − ±11.62

e±µ∓ channel
Process #Events Syst. error Stat. Error

Z/γ∗ → e+e−/µ+µ− + jets 3 +0 ±3−0

Top 34.11 +0.59 ±3.66−1.08

Z/γ∗ → τ+τ− + jets 67.24 +1.67 ±14.44−0.02

Di-boson 2.93 +0.42 ±0.7−0.7

W → `ν 2.97 +0 ±2.72−0

VBF Z/γ∗ → e+e−/µ+µ− 0.02 +0 0.02−0

VBF Z/γ∗ → τ+τ− 0 +0 ±0−0

VBF H(τ+τ−)→ `+`− 2.31 +0.07 ±0.08−0.09

Background Sum 109.87 +1.82 ±15.38−1.29
Data 99. − ±9.95

Table BII.4.: Event yields after the b-tag veto.
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II. Event Yield Tables

Combined e+e− + µ+µ− channel
Process #Events Syst. error Stat. Error

Z/γ∗ → e+e−/µ+µ− + jets 37.64 +0.31 ±17.13−2.83

Top 3.77 +0.21 ±1.11−0.23

Z/γ∗ → τ+τ− + jets 26.73 +14.64 ±10.24−0.09

Di-boson 1.75 +0.32 ±0.58−0.03

W → `ν 0 +0 −−0

VBF Z/γ∗ → e+e−/µ+µ− 0.26 +0.03 ±0.05−0.04

VBF Z/γ∗ → τ+τ− 0.00 +0 −−0

VBF H(τ+τ−)→ `+`− 1.65 +0.06 ±0.06−0.06

Background Sum 70.14 +14.65 ±20.00−3.13
Data 71.00 − ±8.43

e±µ∓ channel
Process #Events Syst. error Stat. Error

Z/γ∗ → e+e−/µ+µ− + jets 0 +0 −−0

Top 13.27 +0.18 ±2.26−0.34

Z/γ∗ → τ+τ− + jets 25.20 +0.00 ±8.98−4.98

Di-boson 1.77 +0.42 ±0.55−0.50

W → `ν 2.71 +0 ±2.71−0

VBF Z/γ∗ → e+e−/µ+µ− 0.02 +0 0.02−0

VBF Z/γ∗ → τ+τ− 0 +0 −−0

VBF H(τ+τ−)→ `+`− 2.041 +0.05 ±0.07−0.07

Background Sum 42.98 +0.46 ±9.66−5.01
Data 47.00 − ±6.86

Table BII.5.: Final event yields.
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B. Studies for VBF H(τ+τ−)→ `+`−4ν Searches

III. CJV Variables
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Figure BIII.12.: η∗ for additional jets with pt > 25GeV after the b-tag veto.

110
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Figure BIII.13.: ηj3 for additional jets with pt > 20GeV (top),pt > 25GeV (mid-
dle) and pt > 30 GeV (bottom) after the b-tag veto.
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Figure BIII.14.: ηCentral
j3 for additional jets with pt > 20GeV (top),pt > 25GeV
(middle) and pt > 30 GeV (bottom) after the b-tag veto.
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III. CJV Variables
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Figure BIII.15.: Z∗ for additional jets with pt > 20GeV (top),pt > 25GeV (mid-
dle) and pt > 30 GeV (bottom) after the b-tag veto.
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