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1 Introduction

Within the Standard Model of particle physics, developed inthe second half of the 20th

century, interactions between elementary particles are described well, using the concept of
local gauge theories. However, intrinsically these gauge theories do not yield any particles
with masses and can thus not explain massive elementary particles observed in nature. This
problem can be solved with the Higgs mechanism, explaining the origin of the masses of
particles, but also predicting one more particle belongingto the elementary particles of the
Standard Model, a Higgs boson. Although searches have been conducted for some decades
now at several particle accelerators, neither any experimental evidence for the existence
of the Higgs boson has been found, nor could any other theory explaining the masses of
elementary particles be established.

But besides the missing Higgs boson, several other problemsremain that the Standard
Model cannot solve, such as the hierarchy problem, the existence of Dark Matter or the
unification of forces. To find explanations for these, numerous theories evolved in the last
decades, building on and extending the Standard Model.

With the Large Hadron Collider at CERN, the highest energetic particle accelerator has
taken up work in 2009 and the search for a Higgs boson has been taken to a new step. But
besides the Standard Model Higgs boson, lots of other new particles are looked for as well.
If any particle not fitting into the framework of the StandardModel will be detected at the
LHC, it is clearly a sign for New Physics beyond the Standard Model.

Supersymmetric theories can solve some of the problems the Standard Model cannot.
The number of elementary particles in supersymmetric theories is extended to about twice
as much as those known. They also bring along at least five Higgs bosons, two of which are
charged. Thus if a charged Higgs boson is discovered, this isa definite proof for as of yet
unknown physics.

To find evidence for New Physics or to exclude it, it is important to understand the Stan-
dard Model background processes very well. In this thesis, background studies and searches
for charged Higgs bosons are performed, using 35.5 pb−1 of data taken by ATLAS in 2010.

Light charged Higgs bosons, i.e. with masses less than that of the top quark, are inves-
tigated. They are expected to decay to aτ lepton and a neutrino for large fractions of the
parameter space, hence here it is assumed that they decay in this channel only. With the
charged Higgs boson coming from a top quark pair decay, the signature of the signal pro-
cess includes aτ lepton, missing transverse energy because of the neutrino which passes the
detector without leaving a trace, and at least four jets, accounting for aW boson decaying
hadronically and twob quarks resulting from the top quark decays. The signal selection for
this channel has been optimized and is presented in detail. Estimating the Standard Model
background in a data-driven way, it can be split up into different contributions: electrons,
muons or jets fakingτ leptons, QCD multi-jet events and events containing trueτ leptons.

1



1 Introduction

Processes including trueτ leptons are investigated using a so-called embedding technique.
The selection for events entering the embedding is optimized and results are compared to
simulation and collision data. Systematic uncertainties due to the embedding are studied.
Other background contributions have been investigated by other ATLAS members and are
quoted here for completeness. Results from these data-driven estimates are compared to col-
lision data. Subsequently, a limit on the production of charged Higgs bosons in top quark
decays is derived.

This thesis is structured as follows:
First, an overview on the Standard Model is given, includingthe Higgs mechanism. Prob-
lems of the Standard Model are addressed and the minimal supersymmetric extension is
discussed briefly. In the following chapter, the ATLAS detector at LHC is described. The
signal process and important backgrounds are presented in chapter 4. The object reconstruc-
tion algorithms and identification criteria used are summarized in chapter 5. The following
chapters present the main analysis: In chapter 6, the signalselection is described. The opti-
mization of the signal selection in the channel investigated is shown. Background processes
including trueτ leptons have been studied thoroughly. The method employed for this, com-
parisons of simulation and collision data and final results are presented in chapter 7. Finally,
an upper limit on the branching ratiot → H+b for the signal channel is extracted in chapter
8. A summary of the results obtained is given in chapter 9.
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2 Theory

2.1 Introduction

Over the last fifty years quantum field theories evolved, describing all interactions but
gravity. The combined theories describing electromagnetic, weak and strong interactions
are called the Standard Model of particle physics. The electroweak theory developed by
Glashow, Salam and Weinberg [4] describes electromagneticand weak interactions while
quantum chromodynamics (QCD) [5] describes strong interactions. In the Standard Model,
all matter consists of quarks and leptons, which are fermions with spins = 1/2. Forces
between them are mediated by gauge bosons with spins= 1. Quarks and leptons appear in
three generations, summarized in Table 2.1. While leptons carry integer electric charge,±1
in the case of electrons, muons andτ leptons and 0 in the case of neutrinos, quarks carry
fractions of electric charge. Up-type quarks carryq= 2/3 and down-type quarksq=−1/3.
For every particle shown in Table 2.1 an antiparticle existswith exactly opposite quantum
numbers.

Ordinary matter consists of u- and d-quarks and electrons only. Quarks and leptons are
assumed to be truly elementary particles, since so far no constituents have been found. Elec-
tromagnetic processes are mediated by photons. There are three bosons for weak interac-
tions,Z bosons if the process is electrically neutral andW+ andW− bosons for electrically
charged processes. Photons,W andZ bosons result from a combinedU(1)Y ×SU(2)IW

1

symmetry, that is broken toU(1)q
2. Finally, eight gluons are the carriers of the strong force,

emerging from the requirement of a localSU(3)C
3 symmetry.

1st generation 2nd generation 3rd generation

Quarks
up charm top
down strange bottom

Leptons
electron (e) muon (µ) tau lepton (τ )
e neutrinoνe µ neutrinoνµ τ neutrinoντ

Table 2.1: Overview of the three generations of matter.

The following introduction can only give a brief overview and is based on [1, 2, 3].

1Y is for hypercharge andIW represents the weak isospin, the conserved charge of weak interactions
2q represents the electric charge
3C is for color, the conserved charge of strong interactions

3



2 Theory

2.2 Interactions in the Standard Model

Weak interactions can be split into neutral and charged current processes. The gauge bosons
W± andZ are massive, withmW± = 80.4 GeV andmZ = 90.2 GeV4.

For leptons, theW bosons only couple to fermions of the same generation. In thecase of
quarks, intergenerational mixing occurs.

Charged weak interactions can be described by a (V-A) theory, meaning that the coupling
of the W bosons to quarks and leptons involves a term combining axialand vector type
coupling. This leads to parity violation and because vectorand axial vector components of
the coupling are of equal strength, the violation is maximal.

In contrast to charged weak currents, no flavor changing neutral currents at tree level have
ever been observed. That is, theZ boson couples only to leptons and quarks of the same
kind and generation. Unlike the coupling in charged weak interactions, axial and vector
components are not of the same strength for the coupling ofZ bosons. They depend on the
electric charge and hypercharge or weak isospin of the particles.

Electromagnetic and weak interactions can be combined and described by one theory,
usually referred to as ’electroweak unification’. Since twogauge groups with two coupling
strengths remain, however, it would be more appropriate andless misleading to call it ’elec-
troweak combination.’

Charged weak currents only couple to left chiral fermions, but left and right chiral fermions
participate equally in electromagnetic interactions. Thus fermions of different chirality are
arranged in singulets and doublets, shown in Table 2.2. Alsoshown in this table are charge
q, weak hyperchargeY and the third component of the weak isospinI3

W. The following
relation holds for charge, hypercharge and weak isospin:

q =
Y
2

+ I3
W (2.1)

Quantum chromodynamics (QCD) describes interactions between quarks mediated by
massless gluons. Quarks appear in three different color states: red, green and blue, or the
corresponding anticolor for antiquarks. Gluons carry combinations of color and anticolor.
The strong force becomes weak at very short distances, leading to so-called asymptotic
freedom. In the opposite direction, this implies that the force becomes stronger as distances
increase, which causes confinement. Quarks never occur as free particles. They appear in
colorless combinations only: in mesons, quark-antiquark-combinations carrying color and
anticolor and baryons, three-(anti)quark and (anti)colorcombinations.

The color/anticolor combinations of gluons can be written as a color octet. Due to con-
finement, free particles have to be color neutral and thus gluons of the octet do not occur as
free particles.

4Here and whenever else units appear,c = h̄ = 1 such that all units can be expressed in eV or eV−1
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2.3 Gauge invariance

Quarks

generations q Y I3W

singulets
ur cr tr 2/3 4/3 0
dr sr br -1/3 -2/3 0

doublets

(
u
d

)

l

(
c
s

)

l

(
t
b

)

l

2/3 1/3 1/2
-1/3 1/3 -1/2

Leptons

generations q Y I3W

singulets
- - - - - -
er µ r τ r -1 -2 0

doublets

(
νe

e

)

l

(
νµ
µ

)

l

(
ντ
τ

)

l

0 -1 1/2
-1 -1 -1/2

Table 2.2: Arrangement of fermions into doublets and singulets. Electroweak quantum num-
bers are shown as well.

2.3 Gauge invariance

All elementary particle interactions in the Standard Modelcan be described by local gauge
theories. That is, the Lagrangian densityL is invariant under global and local gauge trans-
formations, implying conservation of physical quantities. As an example for a fermion field
one can use the Dirac Lagrangian for a free particle.

L = iψ̄γµ∂ µψ−mψ̄ψ (2.2)

It is invariant under globalU(1) gauge transformations

ψ → e−iα ψ (2.3)

but not under local ones
ψ → e−iα (x)ψ (2.4)

From the derivative∂µψ, a new term enters the Lagrangian, breaking the gauge invariance.

∂µψ → eiα (x)∂µψ + ieiα (x)ψ∂µα (2.5)

To keep local gauge invariance, the derivatives have to be replaced by covariant derivatives
∂µ → Dµ = ∂µ + ieAµ , making it necessary to introduce a new vector fieldAµ that couples
to the Dirac particle (charge -e) and transforms like

Aµ → Aµ +1/e·∂µα (2.6)
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The vector fieldAµ can be regarded as the photon field if a term corresponding to the kinetic
energy is added to the Lagrangian.

L = ψ̄(iγµ∂µ −m)ψ +eψ̄γµAµψ −1/4FµνFµν (2.7)

whereFµν = ∂µAν −∂ν Aµ .
In electroweak interactions, the Lagrangian is given by

LEW = −1
4
Wµν ·Wµν − 1

4
Bµν Bµν

︸ ︷︷ ︸

γ ,W±, Z kinetic energies and self interactions

+ L̄γµ
(

i∂µ −g
1
2

τWµ −g′
Y
2

Bµ

)

L+ R̄γµ
(

i∂µ −g′
Y
2

Bµ

)

R
︸ ︷︷ ︸

quark and lepton kinetic energies and their interactions with γ, W±, Z

(2.8)

whereτ stands for isospin andY for hypercharge. Applied to electroweak interactions, the
gauge transformations for left- (right)-chiral components are

χl → χ ′
l = eiα (x)·T+iβ(x)Yχl

ψr → ψ′
r = eiβ(x)Yψr

(2.9)

Here, T andY are the generators of theSU(2) andU(1) groups, theχl are the lepton
doublets andψr the lepton singulets.

In this Lagrangian 2.7, adding a mass term 1/2·m2AµAµ for the photon is prohibited due
to the local gauge invariance. This works well for QED, as thephotos is massless.

However, for weak interactions this principle seems to be violated. Since theW andZ
bosons are clearly massive, an additional field in the Lagrangian has to be assumed giving
masses to theW andZ bosons, the electron, muon,τ and quarks while rendering the photon
massless. Introducing an ad hoc mass term into the Lagrangian density of weak interac-
tions destroys the gauge invariance and hence renormalizability. Without renormalizability,
no precision prediction of e.g. cross sections is possible.In order to incorporate masses
of theW andZ bosons into the Standard Model while retaining the gauge symmetry, the
Higgs mechanism5[6] was developed. TheSU(2)IW ×U(1)Y of electroweak interactions
will consequently be broken toU(1)Q.

2.4 Mass generation and Higgs mechanism

If one starts with the Lagrangian

L =
1
2
(∂µφ)(∂ µφ)+

1
2

µ2φ2− 1
4

λ 2φ4 (2.10)

5or Englert-Brout-Higgs-Guralnik-Hagen-Kibble mechanism
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2.4 Mass generation and Higgs mechanism

whereφ is a scalar field andµ andλ are constants, the second term looks like a mass term,
but the sign is wrong. But for this Lagrangian, the ground state is notφ = 0. To find the
ground state, one has to find the minimum of the potentialU = −1

2µ2φ2 + 1
4λ 2φ4. The

minimum is found to be
φ0 = ±µ

λ
(2.11)

Thus,L can be rewritten depending on a different field variableη = φ± µ
λ

L =
1
2
(∂µη )(∂ µη )−µ2η 2±µλη 3− 1

4
λ 2η 4 +

1
4
(µ2/λ )2 (2.12)

Here, the second term has the correct sign to be a mass term. The third and fourth terms
represent couplings of three and four particles and the fifthterm is a constant.

While the Lagrangian in Eq. 2.10 was invariant under transformations asφ → −φ, the
Lagrangian in Eq. 2.12 is not even. Although the Lagrangian was symmetric in the be-
ginning, this symmetry is lost when choosing one specific ground state to work with. This
is often referred to as spontaneous symmetry-breaking. Thesystem’s symmetry, which is
discrete in this example, is hidden by selecting one specificground state.

A Lagrangian with spontaneously broken continuous symmetry could look like

L =
1
2
(∂µφ)∗(∂ µφ)+

1
2

µ2(φ∗φ)− 1
4

λ 2(φ∗φ)2 (2.13)

where two fieldsφ1 andφ2 have been combined into one complex fieldφ = φ1+ iφ2. Here,
φ is invariant under globalU(1) gauge transformations,φ → eiα φ. As before, a gauge field
Aµ and covariant derivatives have to be introduced to make it locally gauge invariant as well.
If φ is split up in its real and imaginary parts,

φ → φ′ = (cosθ + i sinθ)(φ1+ iφ2) (2.14)

and θ is chosen asθ = − tan−1(φ2/φ1), φ′
2 will vanish (giving an additional degree of

freedom to the massive particle) andφ′ thus be real.

With this choice, the Lagrangian will render one massive particle, the ’Higgs’ boson (the
Lagrangian used here is only exemplary), and a massive gaugefield Aµ .

L =

(
1
2
(∂µη )(∂ µη )−µ2η 2

︸ ︷︷ ︸

massive scalar particle

)

+

( −1
16π

Fµν Fµν +
1
2

(qµ
λ

)2
AµAµ

︸ ︷︷ ︸

free gauge field with mass

)

+

(
µ
λ

q2η (AµAµ)+
1
2

q2η 2(AµAµ)−λ µη 3− 1
4

λ 2η 4

︸ ︷︷ ︸

termdefiningcouplings

)

+

(
µ2

2λ
︸︷︷︸

constant

)2 (2.15)

The mechanism described above employing an example Lagrangian can be applied to
the electroweak Lagrangian density. The scalar Higgs field in the Standard Model can be
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written as

Φ =

(
Φ3+ iΦ4
Φ1+ iΦ2

)

(2.16)

Here, theΦi are real, the hyperchargeY is 1 and the weak isospinIW = 1/2. This presenta-
tion is the simplest that satisfies the requirements, such asthose of the symmetry breaking
described below. The Higgs mechanism yields a possibility to explain the masses ofW
andZ bosons as well as those of the fermions, while the photon remains massless. Fur-
thermore, it renders a massive scalar particle, the Higgs boson. Since the ground state of
the Lagrangian showsU(1)Q symmetry but notU(1)Y ×SU(2)IW, the scalar Higgs field
has to have non-vanishing components of weak isospin and hypercharge butq = 0. The
U(1)Y ×SU(2)IW symmetry of the electroweak theory is thus broken toU(1)Q.

With the Higgs potential being of the form

V(Φ) = −µ2Φ∗Φ+λ (Φ∗Φ)2 (2.17)

whereµ2 > 0 andλ > 0, the ground state of the potential is found atΦ∗Φ = µ2/2λ . It is
referred to as vacuum expectation value, usually calledv = µ/

√
λ .

For leptons, the same Higgs doublet can be used to generate the masses as for theW and
Z bosons. By entering anSU(2)×U(1) gauge invariant term such as

L = λe(ν̄e, ē)Lφer +h.c. (2.18)

whereλ represents a Yukawa coupling for the first lepton generationinto the electroweak
Lagrangian and spontaneously breaking the symmetry, termsrepresenting the coupling of
leptons (here the first generation) to the Higgs boson appear.

For quarks, the same mechanism can be employed, but another Higgs doublet with oppo-
site hypercharge has to be constructed fromΦ, Φc = iτ2Φ for generating masses of up-type
quarks, whereτ is an isospin matrix.

Although the Higgs mechanism only yields a way to explain theorigin of masses and it is
not possible to predict any of them, including the mass of theHiggs boson itself, relations
between masses can be given:

MW = v
g
2

MZ = v

√
g′+g
2

MH = v
√

2λ

(2.19)

Here,g andg′ are the coupling constants fromSU(2)IW andU(1)Y. The masses of the gauge
bosons and fermions are proportional to the vacuum expectation value times the Yukawa
couplings. The mass of the Higgs boson is the only unknown parameter in the Standard
Model.

The couplings of fermions (H f f ) and gauge bosons (HVV, whereV stands forW± or Z)

8



2.5 Beyond the Standard Model

to the Higgs boson are given by

gH f f =
mf

v
andgHVV =

2m2
V

v
(2.20)

2.4.1 Constraints on the Standard Model Higgs boson

From theoretical arguments, the mass of the Standard Model Higgs boson has to be less than
850 GeV .

The vacuum expectation value and hence the mass of the Higgs boson is constrained by

GF√
2

=
1

2v2 ⇒ v = 246GeV (2.21)

whereGF is the Fermi constant. Although the Higgs mechanism was developed in the
1960s, no experimental evidence for a Higgs boson could be found up to date.

In Figure 2.1, a fit of all Standard Model parameters to precision measurements is shown.
From the minimum of the parabola one can extract that a light Higgs boson seems to be
favored in the Standard Model. An upper limit on the StandardModel Higgs boson mass of
161 GeV at a 95% confidence level results from the fit.

At LEP, a Higgs boson lighter than 114.4 GeV could be excludedat a 95% confidence
level [8] and the Tevatron experiments excluded a mass rangebetween 156 and 177 GeV as
well as between 100 and 108 GeV [9] at a 95% confidence level, shown in Figure 2.1.

Just recently, the CMS and ATLAS collaborations at the LHC excluded further mass
ranges for the Standard Model Higgs boson, shown in Figures 2.2 and 2.3. CMS ex-
cluded the mass ranges between 149-206 GeV and between 300-440 GeV at a 95% confi-
dence level. Similar ranges, between 155-190 GeV and 295-450 GeV have been excluded
at a 95% confidence level by the ATLAS collaboration.

2.5 Beyond the Standard Model

Although the Standard Model has met most precision tests so far (for latest results see e.g.
[7]), there are a few problems it provides no answer and solution to [13].

First, the Standard Model is based on the product of three gauge symmetries (accounting
for strong, weak and electromagnetic forces) with separatecoupling parameters. This sym-
metry combination seems to be arbitrary and an underlying symmetry is expected, which
combines all forces within one single gauge group. In the Standard Model the coupling con-
stants of the electromagnetic, weak and strong forces, do not meet. Thus aGrandUnified
Theory (GUT) [14] based on one gauge group and involving one coupling constant only is
not possible in the Standard Model.

In the last years, it has become clear that most matter in the universe is non-luminous, non-
baryonic matter. It does not consist of any of the particles mentioned above appearing in the
Standard Model. To explain this abundance of so-called DarkMatter, a new massive particle
that is electrically neutral, non-relativistic and only very weakly interacting is needed [15].
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10030 300

mH [GeV]

∆χ
2

Excluded

∆αhad =∆α(5)

0.02750±0.00033

0.02749±0.00010

incl. low Q2 data

Theory uncertainty
July 2011 mLimit = 161 GeV

Figure 2.1: Fit of Standard Model parameters to precision measurements (parabola) and
excluded mass ranges of the Standard Model Higgs boson at 95%confidence level. Masses
below 114 GeV have been excluded by the LEP experiments, the mass range between 156
and 177 GeV by the Tevatron experiments (yellow areas) [10].

Figure 2.2: Upper limit on the Standard Model Higgs boson production cross section divided
by the SM expectation extracted by the ATLAS collaboration.Wherever the solid black line
dips under the dotted gray line, the corresponding Higgs boson mass is excluded at a 95%
confidence level [11]
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2.5 Beyond the Standard Model

Figure 2.3: Upper limit on the Standard Model Higgs boson production cross section divided
by the SM expectation extracted by the CMS collaboration. Wherever the black solid line
dips under the red solid line, the corresponding Higgs bosonmass is excluded at a 95%
confidence level [12]

A third problem is the so-called fine-tuning or naturalness problem [16]. In the Standard
Model, divergences that are quadratic in the cut-off scale (above which the theory is not
valid anymore) appear when calculating radiative corrections to the Higgs boson mass. If
the cut-off scale is chosen to be the GUT scale, the mass of theHiggs boson will be of
this order, around 1016 GeV. To avoid this, very finely adjusted parameters are needed. This
fine-tuning appears to be unnatural.

Supersymmetric (SUSY) extensions to the Standard Model canaddress these issues [17].
The Minimal Supersymmetric Standard Model or MSSM is one possibility of a supersym-
metric Standard Model extension [18]. In supersymmetry, bosons are related to fermions
and vice versa: for each quark and lepton from the Standard Model, squarks and sleptons are
added with the same properties as their ’partner particles’but integer spin. For leftchiral and
rightchiral fermions, supersymmetric partners are added separately. They are still referred
to as chiral, although they have integer spins= 0. For each gauge boson, a fermionic part-
ner is added. Standard Model particles and their supersymmetric partners are combined in
superfields. In supersymmetric theories, up-type quarks cannot be given masses by means
of a conjugate Higgs field, making the introduction of a second Higgs doublet with hy-
perchargeY = −1 necessary. Furthermore, the supersymmetric partners of the first Higgs
doublet spoil the cancelation of so-called gauge anomalies[19]. In the MSSM, this problem
is fixed by the introduction of the second Higgs doublet.

The coupling constants of the electromagnetic, weak and strong forces meet in supersym-
metric models such that a GUT would be valid at about 1016 GeV. If R-parity is introduced, a
symmetry enforcing conservation of baryon and lepton numbers, alightestsupersymmetric
particle (LSP) that is stable appears. This LSP is a natural candidate for Dark Matter. The

11



2 Theory

naturalness problem is solved in supersymmetry because theloop corrections leading to di-
vergences are canceled exactly. No fine-tuning is needed if the SUSY mass scale is at a few
TeV.

If supersymmetry were an exact symmetry, the supersymmetric particles should have the
exactly same masses as their Standard Model partners. Sinceno corresponding particles
have been detected so far, supersymmetry (if it is realized in nature) cannot be exact but
must be broken. The masses of supersymmetric particles are expected to be greater than
those of the Standard Model particles. However, to solve thehierarchy problem of the Stan-
dard Model, the supersymmetric particles may not be too heavy. Furthermore, no quadratic
divergences in the Higgs boson mass should appear and gauge invariance and renormaliz-
ability should be kept. Since so far no dynamical way has beenfound to break SUSY, the
SUSY-breaking terms can be introduced manually. Thus the ignorance of the mechanism
breaking SUSY can be evaded by adding parameters. The MSSM isone of these manually
SUSY-broken theories. Without further constraints, 105 parameters appear in the MSSM,
in addition to those of the Standard Model.

2.5.1 Non-minimal Higgs scenarios

The following introduction can only give a brief overview ofnon-minimal Higgs scenarios,
especially to charged Higgs bosons which are of interest in the following analyses. Further
information can be found in e.g. [13].

The Higgs sector of the MSSM is a so-called Type II-2HDM. 2HDMhere means 2 Higgs
Doublet Model, an unspecific Higgs potential that is compatible with gauge invariance. The
type refers to the mass generation of fermions: in Type II models, the masses of isospin
down-type fermions are generated by one Higgs field and thoseof isospin up-type fermions
by the other Higgs field. The doublets consist of complex scalar fields that have opposite
hyperchargesY:

H1 =

(
H0

1
H−

1

)

with YH1 = −1 H2 =

(
H+

2
H0

2

)

with YH2 = +1 (2.22)

After electroweak symmetry breaking both fields obtain a non-vanishing vacuum expec-
tation value. The vacuum expectation values of the neutral fields are

〈H0
1〉 =

v1√
2

and〈H0
2〉 =

v2√
2

(2.23)

The relation

(v2
1+v2

2)
2 = v2 ∝

1
GF

(2.24)

wherev is the Standard Model vacuum expectation value holds.
The parameter tanβ is defined as

tanβ =
v2

v1
(2.25)
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The complex scalar fieldsH1 andH2 have to be developed around the vacuum into real
and imaginary parts in order to get the physical Higgs fields and masses. Three of the eight
degrees of freedom of the Higgs doublets give masses to theW- andZ- bosons, just as in
the Standard Model. But other than in the Standard Model, notone but five Higgs bosons
are left: three electrically neutral ones, usually calledh, H andA, and two charged ones,
calledH+ andH−.6 The Higgs bosonsh andH are CP-odd whileA is even under CP
transformation.

In the MSSM, the supersymmetric partners of theγ, W, Z and Higgs bosons will mix to
so-called neutralinos and charginos.

Due to the supersymmetric structure, constraints are imposed on multiple parameters,
resulting in only two completely independent ones. These are usually taken to be tanβ and
mA or mH+ . Also, a strong hierarchy exists in the mass spectrum, although masses are not
fixed to any values but rather depend on each other and Standard Model particle masses.

The charged Higgs bosons are obtained from a mixing of the charged parts of the Higgs
doublets.

H± = −sinβ ·H±
1 +cosβ ·H±

2 (2.26)

In the MSSM, their mass is constrained at Born level by

mH+ =
√

m2
W +m2

A (2.27)

The mass of the lightest Higgs boson,mh is constrained to be less than the mass of theZ
boson, but can be lifted up to≈ 140 GeV due to radiative corrections.

In the MSSM, the coupling of charged Higgs bosons to fermionsis proportional to
md tanβ +mucotβ , where themu(d) stand for up- (down-)type quark masses, respectively.
Thus if tanβ > 1, the coupling of charged Higgs bosons to isospin down-typefermions is
enhanced while that to up-type fermions is suppressed. The coupling tob quarks e.g. is then
very strong for large tanβ .

For the decay of charged Higgs bosons, the branching ratiosBR into quarks or leptons in
dependence of the respective masses andβ are given by

BR(H+ → ud̄) ∝ m2
ucot2β +m2

d tan2β
BR(H+ → lνl) ∝ m2

l tan2β
(2.28)

Hence for the branching ratio of charged Higgs bosons into leptons, it is expected that
mostly decays involvingτ leptons andντ occur. For a light charged Higgs boson, i.e.
mH+ < mtop andH+ → tb̄ is thus kinematically not allowed, the decay channelH+ → cs̄ is
important if tanβ < 1.

6For the rest of this thesis,H+ always refers to both charged Higgs bosons such that charge-conjugate
processes will always be implied if not named explicitly.
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Figure 2.4: Exclusion limits on the branching ratiot → H+b depending on assumed charged
Higgs boson masses from the D0 experiment at Tevatron [21]. For the decay,H+ → τν = 1
is assumed.

2.5.2 Results on charged Higgs boson searches from earlier
experiments

Earlier experiments, such as those at LEP or Tevatron, have set limits on the masses of
charged Higgs bosons. So far, no excess of data over the Standard Model background
expectation has been observed at any experiment in charged Higgs boson searches.

From LEP, a constraint onmH+ for general 2HDM ofmH+ > 78.6 GeV results [22].
Upper limits have been set on the branching ratiot → H+b assuming different masses

and decay channels of the charged Higgs boson by the Tevatronexperiments. In Figure 2.4,
the exclusion limits on the charged Higgs boson mass from theD0 experiment are shown.
Themmax

h scenario [23] is assumed in this plot.
This MSSM benchmark scenario is characterized by the parameters being chosen such

that depending on tanβ , the maximum possible Higgs boson mass is obtained forh with mA

set to the maximum value of 1 TeV. Depending on the charged Higgs boson mass, branching
ratiost → H+b up to about 20% were excluded with data corresponding to an integrated
luminosity of 1 fb−1 assumingH+ → τν = 1.

Just recently, the CMS collaboration has published new limits on the branching ratio
t → H+b. In Figure 2.5 they are shown for different masses of the charged Higgs boson
assumingH+ → τν = 1. Branching ratiost → H+b up to 4-5% have been obtained in a
mass range 80< mH+ < 160 GeV.
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2.5 Beyond the Standard Model

Figure 2.5: Limits on the branching ratiot → H+b assuming BR(H+ → τν = 1) at a 95%
confidence level (left) and the corresponding exclusion region in the tanβ-mH+-plane as-
suming themmax

h scenario, extracted by the CMS collaboration [24].
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3 The ATLAS detector at LHC

3.1 The LHC

The LHC (LargeHadronCollider) is a particle accelerator at CERN near Geneva, Switzer-
land. Situated in the former LEP (Large Electron-Positron Collider) tunnel it measures
about 27 km in circumference. It can be run in two modes, either colliding high-energy
protons or heavy ions. With a design center-of-mass energy of 14 TeV, it pushes the frontier
of high energy physics to a new limit. Not only should a Higgs Boson be found here (if it
exists), but the potential is offered to rule out or confirm models describing physics beyond
the Standard Model at the TeV scale.

The four major LHC experiments are placed in caverns 50 to 150m underground: AT-
LAS, CMS, LHCb and ALICE, illustrated in Figure 3.1. While ATLAS and CMS are
multi-purpose physics experiments, LHCb and ALICE are specialized in studying b- and
heavy ions physics, respectively.

Figure 3.1: Overview of the LHC and major experiments [25].

In 2008, the first beams circled the LHC, but after an accidentrepairs made it necessary to
shut the machine down for about a year. On November 23rd, 2009, first collisions were ob-
served at a center-of-mass energy of 900 GeV. In March 2010, collisions at a center-of-mass
energy of 7 TeV were achieved. Starting off with proton-proton collisions at an instanta-
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3 The ATLAS detector at LHC

Figure 3.2: The ATLAS detector [28]

neous luminosity of 8·1026 s−1cm−2 in March 2010, LHC was operated until December
2010, reaching a luminosity of 2·1032 s−1cm−2 in October before a heavy-ion run started
and a winter break was taken [26]. In March 2011, operation was taken up again. During the
proton-proton run in 2010 an integrated luminosity of 42 to 48 pb−1 of data was delivered
to the different experiments [26], with ATLAS recording about 45 pb−1 [27]. It is planned
to keep the current LHC run at 7 TeV in 2011 and 2012, before a major upgrade will make
it possible to run at the design center-of-mass energy of 14 TeV.

3.2 The ATLAS detector

ATLAS (A Toroidal LHC ApparatuS) [28] is one of the two general-purpose physics ex-
periments at the LHC, shown in Figure 3.2. It measures 44 m in length, 25 m in diameter
and weighs about 7000 tons.

The coordinate system used to describe processes in the ATLAS detector is centered
around the nominal interaction point, which is defined as origin. The positivex-axis is
defined as pointing from the interaction point towards the center of the accelerator ring, the
positivey-axis as pointing upward towards the surface and thez-axis is defined as the beam
direction such that a right-handed coordinate system results.

The polar angleθ is measured from the beam axis whileφ, the azimuthal angle, is mea-
sured around the beam axis. The pseudorapidityη is defined byη = − ln tan(θ/2). The
angular distance in anη -φ-space,∆R, is given by∆R=

√

(∆η )2+(∆φ)2.
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3.2 The ATLAS detector

impact parameter 0.25< |η | < 0.50 1.50< |η | < 1.75
σX(∞) [µm] pX [GeV] σX(∞) [µm] pX [GeV]

transverse:d0 10 14 12 20
longitudinal:z0sinθ 91 2.3 71 3.7

Table 3.1: Track-parameter resolutions expected at infinite transverse momentum andpT for
two |η | regions, corresponding to regions in the barrel and end-caps. Formula to calculate
resolution corresponding to a certain transverse momentumis given in the text. Values are
shown for pions. Table adapted from [45].

High energies and particle densities at the LHC make it necessary for the detector to be
extremely resistant against radiation to avoid damage. Read-out electronics must be fast
in order to cope with the interaction rate, which will be about 40 MHz at a luminosity of
1033 cm−2s−1. As most of the collisions yield uninteresting processes, atrigger system is
implemented to reduce the rate of events that are saved for further analysis. Precise re-
construction of particles requires high detector granularity and good momentum resolution.
These demanding requirements determined the design of the different parts of ATLAS.

3.2.1 Tracking detectors

The Inner detector (ID), consisting of several tracking detectors, is the most central part
of ATLAS, illustrated in Figure 3.3. It is important for precise momentum measurement,
reconstruction of track parameters and reconstruction of primary and secondary vertices.
Secondary vertex reconstruction is especially important for b-tagging (see chapter 5.)

The ID encloses the beam pipe and is immersed in a 2 T magnetic field, generated by
the central solenoid. It consists of pixel and silicon microstrip trackers (SCT), especially
important at small radii, combined with a transition radiation tracker (TRT) which covers
a range up to|η | < 2.0. Each of these parts is made up of a barrel region, where pixel
and SCT detectors are placed concentrically around the beamaxis while the straw tubes
of the TRT run parallel to it, and two end-caps with radially mounted detectors. Together,
they provide the fine granularity needed for precise momentum and vertex measurements
(σpT /pT = 0.05%pT ⊕1%) in a range up to|η | < 2.5.

The resolution of the longitudinal and transverse impact parameters,z0sinθ andd0, σX,
whereX is eitherd0 or z0sinθ, depends on|η |, is a function of the transverse momentum
pT and is given byσX(pT) = σX(∞)(1⊕ pX/pT). Here,σX(∞) is the resolution of the track
parameter expected at infinite momentum andpX is a constant and represents the transverse
momentum for which multiple-scattering and intrinsic terms are equal for the track param-
eter considered. The corresponding values for two pseudorapidity regions corresponding to
barrel and end-caps are given in Table 3.1.
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3 The ATLAS detector at LHC

Figure 3.3: The inner detector [28]

3.2.2 Calorimeters

The ATLAS calorimeter system is shown in Figure 3.4. The individual components are
optimized for measuring several quantities.

Electromagnetic calorimeter The electromagnetic calorimeter uses lead - liquid Ar-
gon sampling technology, and is optimized for measuring theenergy of photons and elec-
trons very precisely. This is made possible by the fine granularity. It is divided into a barrel
part, which is itself divided into two identical half-barrels, covering a pseudorapidity range
up to|η |< 1.475 and two end-caps, each consisting of an inner and an outerwheel, covering
the range 1.375< |η | < 3.2. The electromagnetic calorimeter is built of accordion-shaped
electrodes and lead absorber plates, guaranteeing a complete symmetry inφ. The lead ab-
sorber plates have been optimized in thickness with respectto energy resolution, reaching a
resolution ofσE/E = 10%/

√
E⊕0.7%. The granularity of the electromagnetic calorimeter

depends on the layer and pseudorapidity range. Values for the granularity in∆η ×∆φ lie
between 0.025/8×0.1 and 0.1×0.1 and are similar for barrel and end-caps.

To compensate energy that electrons and photons lost upstream of the calorimeter, a pre-
sampler detector is added in the region|η | < 1.8 in the barrel. It consists of an active liquid
Argon layer.

Hadronic calorimeters The hadronic calorimeters have a coarser granularity than the
electromagnetic calorimeter, fulfilling the needs for reconstruction of jets and measurements
of missing transverse energy. The barrel part of the hadronic calorimeters consists of a
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Figure 3.4: The calorimeter system [28]

tile calorimeter around the barrel of the electromagnetic calorimeters and two extended
barrels covering a larger|η |-range. Scintillating tiles are used as active material while steel
plates serve as absorber. The barrel and extended barrel cover the region in|η | < 3.2.
The hadronic end-cap calorimeter (HEC) and forward calorimeter (FCal) both use liquid
Argon as the sensitive material. Copper plates are used as absorbers in the HEC and both
copper and tungsten are used in the FCal. The HEC is made up of two wheels in each
end-cap with the FCal in the center, right around the beam pipe. The part of the FCal
closest to the interaction point measures mostly electromagnetic interactions, while the other
two parts have been optimized for hadronic measurements. Due to the chosen geometry,
with some parts of calorimeters overlapping with others or sharing cryostats, uniformity
of calorimetric coverage is improved. The forward calorimeter extends the pseudorapidity
range to|η |< 4.9. For the barrel and end-cap calorimeters, an energy resolution of σE/E =
50%/

√
E⊕3% is achieved while for the FCals this isσE/E = 100%/

√
E⊕10% for jets.

The resolution of the missing transverse energy,Emiss
T , depends on the transverse energy

sum,ΣET and follows a functionσEmiss
T

= a ·
√

ΣET if 20 < ΣET < 2000 GeV. Values fora
vary between 0.53 and 0.57.

3.2.3 Muon system

Measurement of muon tracks and momenta relies on the bendingpower of the magnetic
field generated by superconducting air-core toroids. One ofthese toroids with eight coils
covers the barrel region, two more systems of eight coils, each perpendicular to the first one
provide the magnetic field in the end-caps. The coils in each of the systems are arranged
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symmetrically around the beam axis. Those in the end-cap toroids are rotated with respect
to the barrel coils. Because of this geometry, the magnetic field is orthogonal to the muon
tracks. The muon system is presented in Figure 3.5.

Monitored Drift Tubes (MDTs) are installed over a pseudorapidity range up to|η | <
2.7 for precise measurement of the muon track coordinates. Forlarge |η |, Cathode Strip
Chambers (CSCs) are used as well, covering a range 2.0 < |η | < 2.7. The chambers for
measuring muon tracks all exist threefold, in the barrel region on three layers arranged
cylindrically around the beam axis and in the end-caps on three layers perpendicular to
the barrel. In the muon system, a momentum resolution ofσpT /pT = 10% is achieved for
muons withpT = 1 TeV.

The muon trigger system consists of two parts: Resistive Plate Chambers (RPCs) in the
barrel (|η | < 1.05) and Thin Gap Chambers (TGCs) in the end-caps (1.05 < |η | < 2.7,
|η |< 2.4 for triggering). They are necessary for measuring the coordinates of the muon tra-
jectory orthogonal to the one measured by the tracking chambers. Furthermore, they supply
identification of bunch-crossing and provide distinct transverse momentum thresholds.

Figure 3.5: The muon system [28]

3.2.4 Trigger system

The trigger consists of three levels: level 1 (L1), level 2 (L2) and event filter (EF).
L1 triggers on muons, electrons, jets and photons with high transverse momentum, but

also large total or missing transverse energy, taking about2.5µs to make a decision. One or
several Regions of Interest (RoIs) inη andφ are defined if interesting features are detected.
Information such as what kind of object or thresholds passedare also saved for usage of
higher level triggers. Level 1 is designed to reduce the trigger rate to about 75 kHz.
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L2 then refines the selection using all the detector information of the RoIs defined by
L1, thus lowering the trigger rate significantly to about 3.5kHz. About 40 ms are needed to
process one event.

Finally, the EF selects events applying offline analysis routines, reaching a final event rate
of approximately 200 Hz. Processing an event takes about 4 s.
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4 Signal process, backgrounds and
collision data

4.1 Signal process

If charged Higgs bosons exist in nature and if they are lighter than the top quark, the main
production mode for them at the LHC is expected to be via top quark pair decays. Instead of
the Standard Model processtt̄ →W+bW−b̄, one of the top quarks could decay to a charged
Higgs boson and a b quark:tt̄ → H+bW−b̄. The leading-order Feynman diagram of the
signal process is shown in Figure 4.1.

Figure 4.1: Leading-order (LO) Feynman diagram for the signal channel. TheW boson can
decay either leptonically or hadronically, but only hadronic decays are considered in the
following. The charged Higgs boson decay toτ + ν is important for most values ofmH+

and tanβ [55].

Cross sections for charged Higgs boson production at a center-of-mass energy of 7 TeV
are shown in Figure 4.2 assuming different values for tanβ andmH+ for themmax

h scenario
[29]. With increasing tanβ , cross sections decrease from tanβ = 2 to tanβ = 8 and then
increase again. For all values of tanβ , the cross sections quickly decrease as the mass of
the charged Higgs boson increases. FormH+ < mtop, charged Higgs bosons result from top
quark decays, whereas for a charged Higgs boson mass greaterthan that of the top quark,
the production takes place viagg/gb→ t[b]H+. At around the top mass, a bend can be seen
in Figure 4.2, corresponding to the change of the productionmechanism.

For light charged Higgs bosons, the cross section results from the top quark pair produc-
tion cross section and the branching ratio for top quarks decaying to a charged Higgs boson
and ab quark.
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Figure 4.2: Production cross sections for charged Higgs bosons at
√

s= 7 TeV for themmax
h

scenario assuming different values of tanβ [29].

In Figure 4.3, the branching ratios of charged Higgs bosons for two different values for
tanβ are shown as a function ofmH+ in the mmax

h scenario. The final states shown in this
Figure include supersymmetric ones, which will be sizable if existent and kinematically
available. The branching ratio toτ + ν is large for most charged Higgs boson masses if
tanβ is not too small.

In the following studies, a branching ratio ofH+ → τν = 1 is assumed. Only hadron-
ically decayingτ leptons are considered and theW boson from the top quark pair decay
is assumed to decay hadronically as well. Thus the final stateinvestigated is defined by a
hadronically decayingτ lepton, 2b jets, 2 other jets and missing transverse energy due to
the two neutrinos in the decay chain. In the signal selection, only one jet identified asb jet

Figure 4.3: Branching ratios of charged Higgs bosons assuming a low (left) and high (right)
value of tanβ in themmax

h scenario [29].
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will be required since requiring 2 identifiedb-jets results in efficiencies that are too low.
The signal sample is generated with PYTHIA [30]. PHOTOS [31]is used to add pho-

ton radiation off charged leptons and TAUOLA [32] for the decay of τ leptons. The AT-
LAS Minimum Bias Tune (AMBT1) [33] is used. A charged Higgs boson mass ofmH+ =
130 GeV and tanβ = 35 is assumed. The charged Higgs boson NLO+NNLL [34] cross
section is assumed to be 18.467 pb, resulting from att̄ cross section of 164.6 pb [42] and
corresponding to a branching ratiot →H+b of about 6%. The branching ratioH+ → τν = 1
is assumed.

4.2 Background processes

Relevant background processes to the charged Higgs boson searches presented in the fol-
lowing include production oftt̄ pairs with Standard Model decays, single top production in
the s- and t-channel and associatedWt production,W + jets,Z + jets and QCD multi-jet
events. The cross sections for all processes considered in the analyses presented in the fol-
lowing chapters are summarized in Table 4.1. K-factors are included for some samples so
that lower order cross sections match NNLO calculations. Monte Carlo simulation samples
generated using HERWIG [35] and JIMMY [36] use the ATLAS Underlying Event Tune 1
(AUET1) [37] while samples using PYTHIA use the AMBT1. For ALPGEN [38] samples
the MLM matching scheme [39] is used to avoid double countingof partons arising from
parton shower or matrix element calculations. For this, the∆R cut is set to 0.7 and the jet
pT cut to 20 GeV. Detailed ATLAS detector simulation [40] usingGEANT4 [41] is run on
all events. They are reconstructed using the same algorithms as for data.

Vertex Reweighting Because the vertex distribution in simulation samples follow a
Poisson distribution but those in collision data do not, which has an impact on distributions
of other variables, vertex reweighting has been applied to simulation. The vertex distribu-
tions in simulated events are scaled to match data, i.e. events in Monte Carlo simulation are
weighted with a factor from the rescaling of the vertex distributions.

Top quark pair production Standard Modeltt̄ decays, shown in Figure 4.4, are partly
an irreducible and the most important background to the signal process. Samples with at
least one charged lepton are considered. The Standard Modelprocesstt̄ → W+bW−b̄ can
occur with the same final state as the signal, and can be potentially selected with little rejec-
tion. tt̄ decays with different final states, that is with theW bosons decaying to everything
else butτ + ν and quarks but including at least one lepton, can be better suppressed. But
since particles in these different final states may be incorrectly identified (e.g. electrons or
muons fakingτ jets), these events may also pass the signal selection.

An NLO+NNLL tt̄ cross section of 164.6 pb is used [42]. If a charged Higgs boson exists
and thett̄ production cross section stays the same as in the Standard Model, the branching
ratio t → Wb will be reduced according to the branching ratiot → H+b. This leads to a
smaller cross section of Standard Modeltt̄ decays.
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process cross section [pb] (·K-factor)

tt̄ → H+bWb→ τν bqqb(mH+ = 130 GeV, tanβ = 35) 18.467
tt̄ 164.6
tt̄ (≥ 1lepton) 89.7
W(→ µν) + 1 jet 1281 (·1.20)
W(→ µν) + 2 jets 375 (·1.20)
W(→ µν) + 3 jets 101 (·1.20)
W(→ µν) + 4 jets 25.7 (·1.20)
W(→ µν) + 5 jets 7 (·1.20)
W(→ τν ) + 1 jet 1277 (·1.20)
W(→ τν ) + 2 jets 377 (·1.20)
W(→ τν ) + 3 jets 101 (·1.20)
W(→ τν ) + 4 jets 25.7 (·1.20)
W(→ τν ) + 5 jets 7 (·1.20)
Z(→ µµ) + 1 jet 132.8 (·1.25)
Z(→ µµ) + 2 jets 39.6 (·1.25)
Z(→ µµ) + 3 jets 11.1 (·1.25)
Z(→ µµ) + 4 jets 2.8 (·1.25)
Z(→ µµ) + 5 jets 0.8 (·1.25)
bb̄ (with µ filter) 73900
QCD dijet 4.4066·107

single top (Wt associated production) 14.581
single top (s-channel,τν ) 0.4700
single top (t-channel,τν ) 7.128

Table 4.1: Monte Carlo simulation samples included in the signal (τ final states) or embed-
ding (µ final states) cut optimization and corresponding NLO+NNLL cross section fortt̄,
NLO for single top and LO cross sections for all other samplesin pb. For some samples,
K-factors have been included to match NNLO calculations when comparing estimates from
data-driven methods to events in collision data.

Figure 4.4: Leading order Feynman diagram of a Standard Model top quark pair decay [60].
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tt̄ samples are generated with MC@NLO [43], with HERWIG used forhadronization and
JIMMY for the underlying event.

Single top Single top processes in the s- and t-channel and in associated production with
aW boson are taken into account.

In the s-channel, the final state includes at and ab quark. These events can mimic
signal events ift →Wb→ τν b and there are additional jets. TheW boson could also decay
hadronically, leading to two jets and ab-tagged jet. If additional jets are present and one of
these is mis-tagged as aτ , these single top processes can also pass the signal selection. The
W boson could also decay leptonically to a muon or electron, which might be mis-tagged as
aτ , leading potentially to a final state detected as the signal final state. The cross section for
these events is very small and only very few events are expected to be identified as signal

The final state in the t-channel includes a top quark, ab quark and an additional jet. With
t → Wb→ τν b or theW boson decaying to other leptons which are mis-tagged, events
can be identified as signal. TheW boson could also decay hadronically. If then a jet is
misidentified asτ jet and the transverse energy is measured incorrectly, missing transverse
energy results and the event may pass the signal selection aswell. Because the final state
features an extra jet compared to the s-channel, t-channel events are more likely to pass
signal selection. Also, t-channel processes are more abundant compared to the s-channel
due to a larger cross section.

Processes with a single top quark produced in association with aW boson can easily be
mistaken as signal. With the top quark decaying to ab quark and aW boson, which itself
can decay to aτ lepton and a neutrino and the otherW boson decaying hadronically, almost
the same particles are present as in signal processes. Sinceb-jets are often not correctly
identified, these events can easily pass the signal selection.

Single top sample generation is done with MC@NLO, HERWIG andJIMMY. Overlap
between single top andtt̄ is removed [44]. Cross sections obtained from the MC@NLO
output are used.

W + jets Samples with aW boson decaying leptonically and up to five additional partons
are taken into account as backgrounds. Since the signal process includes many jets, the
backgrounds featuring less additional partons are easier to suppress. If theW boson e.g.
decays toτ +ν or other leptons which are misidentified, one of the jets is tagged as ab jet
and due to the neutrino there is missing transverse energy, this process can be identified as
having the same final state as the signal. Also, theW boson can decay hadronically, one of
the many jets in the event can be mis-tagged as aτ , one jet can be tagged as ab jet and the
transverse energy can be mis-measured, resulting in missing transverse energy and a final
state similar to that of the signal.W + jets events with more than one additional parton are
an important background to the signal process.

W+jets sample generation is done using ALPGEN with HERWIG andJIMMY. NNLO
cross sections are used, resulting from LO cross sections and K-factors to match NNLO
calculations.
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Figure 4.5: Exemplary Feynman diagrams forW+jets production [60].

Figure 4.6: Exemplary Feynman diagrams forZ+jets production [60].

Z + jets As for W+jets, samples with aZ boson decaying leptonically and up to five
additional partons are considered. With possibly aτ lepton in the final state or other leptons
being mis-identified as aτ , mismeasurement of the transverse energy, many jets, and one
of the jets might beb-tagged, these events can mimic signal processes and be selected as
such.Z bosons can also decay hadronically. If then one jet is mis-identified as aτ -jet, one
jet is b-tagged and mismeasurement of the transverse energy results in missing transverse
energy,Z+jets processes can be identified as having the same final state as the signal process.
Nevertheless,Z+jets backgrounds can be suppressed very well and are negligible after signal
selection.

Z+jets samples are generated using ALPGEN, also with HERWIG and JIMMY. LO cross
sections are used with K-factors to match NNLO calculations.

QCD, bb̄ QCD samples are taken into account because they include manyjets and can
include leptons. If a jet is tagged asb jet, the transverse energy is mis-measured and a jet
is identified asτ jet, QCD events can pass the signal selection if enough jets are present.
Exploiting the topology of the signal process, QCD background events can be suppressed
well.

The QCD andbb̄ samples are generated using PYTHIA, with PHOTOS used for radiation
off charged leptons. The cross sections used are LO.
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4.3 Collision data

Figure 4.7: Exemplary Feynman diagram for a multi-jet process [60].

4.3 Collision data

Collision data taken by ATLAS in 2010, corresponding to an integrated luminosity of
35.5 pb−1 is used in the analyses presented in this thesis.
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5 Object identification and selection

The following sections describe object (τ leptons, muons, jets, electrons, transverse energy
sum and missing transverse energy) reconstruction and identification algorithms at ATLAS
[45].

For different parts of the analyses in this thesis, varying reconstruction and identifica-
tion algorithms have been used. Due to changing recommendations from various ATLAS
groups, this could not be be avoided. Furthermore, because reconstruction and identifica-
tion algorithms are always subject to modifications and improvements, availability of some
algorithms could not always be ensured.

5.1 τ jets

τ leptons can decay either leptonically or hadronically, with the latter process taking place
about 65% of the time. Hadronically decayingτ leptons, so-calledτ jets can feature one or
more charged pions. Thus they leave one or more charged tracks. In contrast to QCD jets,
the tracks are placed in a narrow cone, the track multiplicity is low, an energy deposition
is placed in the calorimeter and isolation from the rest of the event is possible in the inner
detector and calorimeter. Nevertheless, since the signature of τ jets is similar to those of
QCD jets, a separate identification step after reconstruction is needed.

Reconstruction τ jet reconstruction is based on two different algorithms, one calorimeter-
seeded and one track-seeded [46]. The calorimeter-based algorithm (TauRec) starts from
topological calorimeter clusters to buildτ candidates. These are required to have a mini-
mum transverse momentum ofpT > 10 GeV. Track-based reconstruction (Tau1p3p) requires
a high-quality seed track with minimum transverse momentum(pT > 6 GeV). Combining
both algorithms yields double-seededτ candidates with a maximum distance in∆R of 0.2.
In this thesis, calorimeter-seededτ leptons are required.

Identification τ jets are identified as such using rectangular cuts, a projective likelihood
or a boosted decision tree. When the studies presented in this thesis were done, up to
seven variables listed in Table 5.1 out of a large number of potential variables are used for
identification. The selection of variables has already changed in current data [48]. Due to
worse separation power of some variables because of pile-up, it will be necessary to employ
variables more robust under pile-up. Hence the likelihood variables will change further.
With these variables, a likelihood function and a boosted decision tree are built. Depending
on the required signal efficiency these identifiedτ jets are classified as ’loose’ (≈70%),
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5 Object identification and selection

Variable Description

cluster mass invariant mass of associated topological clusters
track mass invariant mass of the track system
track radius track width weighted with transverse momenta of all

associated tracks

Rtrack =
Σ∆Ri<0.2

i pT,i∆Ri

Σ∆Ri<0.2
i pT,i

leading track fraction of transverse momentum of leading track over
momentum fraction transverse momentum of theτ candidate

electromagnetic radius width in the EM calorimeter, weighted with transverse
energy

REM =
Σ∆Ri<0.4

i EEM
T,i ∆Ri

Σ∆Ri<0.4
i EEM

T,i

core energy fraction fraction of transverse energy in∆R< 0.1 of theτ
candidate

electromagnetic fraction fraction of transverse energy oftheτ candidate deposited
in the EM calorimeter

Table 5.1: List of theτ variables used for identification with the likelihood method (all
except core energy fraction) and boosted decision tree (all) in early 2010 data [46]

’medium’ (≈50%) or ’tight’ (≈30%). For better discrimination, identification is applied
separately to bins ofpT and number of tracks. The three classifications are defined such
that tight is a subset of medium, which itself is a subset of loose. Background efficiencies,
defined as the number ofτ candidates passing identification divided by all reconstructedτ
candidates, corresponding to the three different selections for the likelihood identification
are shown in Figure 5.1.

In Figure 5.2, the background and signal efficiencies from data and simulation are shown
as a function of the transverse momentum for the three different selections using the cut-
based identification.

Object selection In studies optimizing the embedding and signal selections (see chapter
7), a tight cut-basedτ ID built on the track radius, the leading track momentum fraction and
the electromagnetic radius, is required, corresponding toa selection efficiency of about 30%.

The likelihood identifier is required forτ jets in collision data. Aτ jet with one associated
track has to pass medium selection criteria, a 3-prongτ has to be identified as tight.

For embedded data, the likelihood identification did not work due to a software problem
in the embedding package. Instead,τ jets are identified using truth information, which is
available in embedded data because theτ jet is simulated and inserted into a collision data
event. If the∆R distance between a reconstructedτ and a truthτ with pT > 20 GeV is less
than 0.2, theτ jet is accepted in the embedded samples.
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5.1 τ jets

Figure 5.1: Background efficiency corresponding to the loose, medium and tight selection
using a likelihood method as a function of the transverse momentum of theτ candidate [47].

Figure 5.2: Signal and background efficiencies for loose, medium and tight selections using
the cut-based identification [46]
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5 Object identification and selection

5.2 Jets

Reconstruction and identification Jet reconstruction algorithms can be divided into
two categories, cone types and sequential recombination types. Depending on the event
topology one is interested in, different algorithms may be preferred [45]. Cone-type algo-
rithms suffer from some problems (e.g. overlapping of cones, collinearity of seeds, energy
deposits are spread wider than a single cone), wherefore other ’cone-like’ and also ’non-
cone-like’ algorithms have been invented, not using fixed cone sizes. One such sequential
recombination algorithm that yields cone-like jets without fixed cones is the anti-kT algo-
rithm [49]. Between particles or pseudojets one defines the distancedi j and between a
particle and the beam the distancediB.

di j = min(k2p
T i,k

2p
T j)

∆2
i j

R2

diB = k2p
T i

(5.1)

Here,∆i j is the distance between two entitiesi and j in the φ-y-plane,R is the radius,p
is a parameter andkT refers to the transverse momentum. Starting from a particle, the
shortest distance of alldi j anddiB is identified: if it is a distance between particles, they are
combined and if it is a distance to the beam, a jet is identifiedand the particle is removed
from the list of particles. This is repeated until all particles are added to jets. In contrast to
other sequential recombination algorithms, a negative power p appears in the definition of
distance measures. The anti-kT algorithm is used within ATLAS with different radius values
of ∆R, within which particles are clustered.

Object selection The anti-kT algorithm with ∆R=0.4 is used for reconstructing jets.
Collision data events with jets that have E>0 GeV and fulfill the ’bad loose’ criterion are
rejected. So-called bad jets are due to e.g. hardware problems, beam conditions or cosmic-
ray showers and not associated to real in-time energy deposits in the calorimeters [50]. Due
to mis-measurement of the energy, it can happen that jets areassigned negative energies.
The jets used are calibrated at the electromagnetic level.

5.3 b-Tagging

Identification b-Tagging describes the identification of jets that arise from the hadroniza-
tion of b quarks. It is especially relevant for Higgs production channels. Due to the long
lifetime of hadrons withb quarks (cτ ≈ 450µm), the decay vertices ofb-hadrons are well
separated from the primary vertices. Furthermore, the decay products ofb-hadrons will
have predominantly high transverse momentum because of thehigh b quark mass and hard
fragmentation ofb-hadrons. Algorithms identifyingb jets utilize these properties. They rely
e.g. on the reconstruction of secondary vertices (SV), track impact parameter measurements
(IP) or track counting. For the latter, a jet is tagged asb jet if at least some tracks with large
impact parameters are identified.
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5.4 Muons

Figure 5.3: Reconstruction efficiencies for combined STACOmuons (chain 1) and Muid
muons (chain 2) as a function ofpT . Efficiencies are measured in aZ → µµ sample, where
backgrounds estimated using Monte Carlo simulation have been subtracted [52].

Object selection Different b-tagging algorithms were used in the analyses presented
here. Either a combination of secondary vertex and impact parameter algorithm was em-
ployed, (SV1+IP3D, used for optimizing the embedding selection, see chapter 7) or a sec-
ondary vertex only algorithm (SV0, used for background estimations). The cut values were
chosen for an efficiency of 50% and changed according to updated recommendations. Ap-
plied to att̄ sample, a purity of about 93% is reached with a cut on SV0>5.85, yielding a
purity of about 50% [51]. The mis-tag rate on light jets is about 0.4%, while that forτ jets
is about 2% and for charm jets about 10%.

5.4 Muons

Identification For muons, different identification strategies are available. Because more
than one algorithm exists for each of these strategies, several muon candidate collections
are available. Two of these are STACO and Muid. They each provide three algorithms
to reconstruct standalone, combined and tagged muons. To reconstruct standalone muons,
tracks in the muon spectrometer are extrapolated to the beamline. For combined muons,
standalone muons are matched to tracks in the inner detectorand the two measurements are
combined. To get tagged muons, tracks in the inner detector are extrapolated to the muon
spectrometer where nearby hits are searched. As for other objects, different tightness for the
identification criteria is available. The reconstruction efficiency for both STACO and Muid
muons is shown in Figure 5.3.

Object selection Tight combined Muid muons are used in collision data. Only STACO
muons are available in embedded data, hence these are used. Muons are required to have
high transverse momenta (pT > 20 GeV), be isolated (sum of transverse energy deposits
in calorimeter cells <10 GeV in a hollow cone with∆R = 0.3 around the muon) and be
detected in a pseudorapidity range|η | < 2.5. In the signal selection, a veto is applied
to events containing muons fulfilling the above mentioned requirements. For the control
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5 Object identification and selection

sample that the embedding is applied to events that contain exactly one muon fulfilling the
above mentioned requirements are selected.

5.5 Electrons

Identification Electrons in ATLAS are identified using cut-based reconstruction algo-
rithms. These can be either cluster-seeded or track-seededor a combination of both. The
cluster-based algorithm starts from reconstructed clusters in the electromagnetic calorime-
ter, which are matched to tracks in the inner detector. It is optimized for electrons with
high transverse momenta. Low-energetic and non-isolated electrons are identified more ef-
ficiently with a track-based algorithm. Here, tracks in the inner detector are matched to
energy depositions in the electromagnetic calorimeter. For electrons in the forward direc-
tion, with 2.5 < |η | < 4.9, no track matching is performed. Information for identification
variables is taken from the calorimeter only. To select electrons, a variable is given that
specifies the algorithm it was reconstructed with. As for other objects, different cut val-
ues on the identification variables can be required, leadingto ’loose’, ’medium’ and ’tight’
identification of electrons. As soon as more data are available, it is planned to move the
identification algorithms from cut-based to other, more sophisticated techniques such as
likelihood discriminants, neural networks or boosted decision trees.

Object selection Cluster-seeded or cluster- and track-seeded electrons which are not lo-
cated in the crack region of the detector (1.37< |η |< 1.52) and at|η |< 2.47 are considered.
They have to be isolated (sum of transverse energy deposits in calorimeter cells <10 GeV
in a hollow cone with∆R= 0.2 around the electron + 0.023·ET(electron) [GeV]<4 GeV)
and have a transverse momentum of at least 10 GeV. Events containing such electrons are
vetoed.

5.6 Missing transverse energy Emiss
T

Reconstruction Assuming energy conservation in the transverse plane, the vectorially
added transverse energies of all detectable particles in anevent should add up to zero. Since
calorimeters have finite resolution and coverage and more importantly, since particles like
neutrinos do not leave any energy or trace in the detector, a certain amount of transverse
energy is ’missing’ in events. This is called missing transverse energy orEmiss

T . It is defined
as

Emiss
T =

√

(Emiss
x )2+(Emiss

y )2. (5.2)

The Ex and Ey term each consist of one term accounting for energy depositions in the
calorimeters, one for muons and and one for energy lost in thecryostats [53].

In the calorimeter, topological clusters (topoclusters) are built from cells in order to re-
duce noise: cells not neighboring a cluster are identified asnoisy and removed from the
event. Different calibrations schemes are available, either weighting cells locally or glob-
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5.6 Missing transverse energyEmiss
T

Figure 5.4: Illustration of how transverse missing energy is calculated using the refined
calibrations scheme [53].

Figure 5.5: Resolution ofEmiss
x,y , depending on the transverse energy sumΣET in data (left)

and simulation (right) for different calibrations. Resolution using the refined calibration is
very close to that of the local cell weighting scheme, LCW [53].

ally, or using a ’refined’ calibration. This refined procedure is based on reconstructed objects
and illustrated schematically in Figure 5.4. Cells belonging to different objects (electrons,
jets, muons, ...) are calibrated separately. The same applies to cells from topoclusters that
could not be associated to any object.

The muons term is based on the momenta of muons. It is calculated differently, depending
on whether the muon is isolated or close to a jet. If the muon isisolated, the measurements
from the muon spectrometer and inner detector are combined.The energy deposited by
a muon in the calorimeters is then not added to the calorimeter term. If the muon is not
isolated, it is not possible to separate the energy deposited in the calorimeter by the muon
or by a near-by jet. Thus the measurement from the muon spectrometer is used exclusively.
Only in the case of large discrepancies between the measurement from the spectrometer only
and the combined measurement a combination is used, with parametrized energy deposits
in the calorimeter subtracted.

In Figure 5.5, the resolution of the missing transverse energy depending on the transverse
energy sum is shown for data and simulation.
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5 Object identification and selection

Selection In all studies performed, a missing transverse energy variable based on the
refined calibration scheme is used.

5.7 Transverse energy sum ΣET

Reconstruction Adding energies of an event measured in the calorimeters as scalars
yields the total transverse energy of the eventΣET . Just as for the missing transverse energy,
different algorithms are available to calculateΣET , using different calibration schemes.

Selection A transverse energy sum variable using the refined calibration described above
was used in the studies for optimizing the embedding selection. For optimizing the signal
selection and in studies containing collision data, theΣET variable was built fromτ jets, jets
and missing transverse energy that passed standard selection criteria described above.

5.8 Overlap removal

Jets are rejected if they overlap within∆R< 0.2 with τ jets. For the embedding selection,
events that contain high-energetic jets overlapping with muons are rejected. The specific
criteria are subject to the optimization of the selection and explicitly named in chapter 7.
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6 Signal selection

6.1 Motivation

To discover New Physics (or to exclude it), an event selection has to be applied to data
that filters out events with the wanted topology and rejects background processes as well as
possible. Here, the signal process consists of a charged Higgs boson decaying to aτ and
a neutrino, aW boson decaying hadronically and twob quarks resulting from the decay
t → H+b/Wb, thus events containing these objects are to be selected.

In the following, the selection to find charged Higgs bosons with the above-mentioned
decays is optimized using simulation. The main signal selection is optimized using TMVA
(Toolkit for Multivariate Data Analysis with ROOT) [54]. For easier and faster usage, the
samples are preselected.

Background processes considered for this study are Standard Model tt̄ decays,W+jets,
single top and QCD events.

The selection is applied to 35.5 pb−1 of data taken by ATLAS in 2010 in chapter 7.

6.2 Preselection

In the preselection, the kinematics and final state productsof signal processes are exploited
in a very general way, e.g. imposing minimum requirements onthe transverse momenta of
jets and theτ and requiring low values of the missing transverse energy.

The requirements imposed in this preselection include

· a combined tau andEmiss
T trigger with pT(τ ) > 16 GeV andEmiss

T > 20 GeV
· one tau lepton withpT > 15 GeV and|η | < 2.5 that passes tight identification cuts
· at least four jets withpT > 15 GeV and|η | < 5 that do not overlap (∆R< 0.2) with a

tau
· missing transverse energy greater than 20 GeV
· a veto on events containing any isolated electrons (ET of calorimeter cells in a hollow

cone around the electron with radiusR= 0.2<4 GeV+0.023·ET(electron)) with pT >
10 GeV outside the crack regions of the detector located at 1.37< |η | < 1.52

· a veto on events containing any isolated muons (pT of calorimeter cells in a hollow
cone around the muon with radiusR= 0.3<4 GeV, less than 4 tracks in a cone with
radiusR< 0.3) with pT > 10 GeV and|η | < 2.5

A signal selection efficiency of about 10% was achieved for the preselection.Z+jets
events have not been taken into account because their contribution to the background is
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6 Signal selection

H+ tt̄ W+jets QCD single top

59.4±7.7 188.6±13.7 156.4±12.5 42548.5±206.3 16.0± 4.0

Table 6.1: Events expected from MC for an integrated luminosity of 35.5 pb−1 after prese-
lection. Uncertainties are statistical only.

negligible. After preselection, the background is still dominated by QCD events. Since
so far events containing high-momentum objects have been selected, this is expected. The
topology of the signal process has not been exploited, but this will be done in the final
selection. Events expected to pass the preselection for an integrated luminosity of 35.5 pb−1

are summarized in Table 6.1.

6.3 Main selection

In the main selection, the exploiting of the topology of signal events is much more pro-
nounced than in the preselection. Cuts on different objectsare tightened for a better rejec-
tion of background processes. Due to e.g.mH+ > mW, theτ from the charged Higgs boson
decay is expected to have on average a higher transverse momentum than aτ resulting from
a W boson decay would have. Hence, the cut onpT(τ ) can be set to a higher value. The
same applies e.g. to the missing transverse energy: in signal events this quantity is expected
to be greater than in background processes and the cut can be tightened correspondingly.

To find the optimal selection cut values, TMVA is used. TMVA optimizes cuts for the
best background rejection at fixed signal efficiencies. The signal and background samples
are each weighted with the corresponding cross sections.

The cuts to be optimized are given to TMVA, possibly with certain specific constraints
such as minimum values of the variables. Different combinations out of a variety of vari-
ables have been passed to TMVA. The cuts on the following variables are considered:

· the transverse energy sum of the events,ΣET : with at least four jets and oneτ coming
from thett̄ decay, a large transverse energy sum is expected in signal events

· the missing transverse energy,Emiss
T : due to the neutrino coming from theH+ decay,

which is not detected, a significant missing transverse energy is expected
· the missing transverse energy significance, that isEmiss

T Significance= Emiss
T /

√
ΣET

(the significance ofEmiss
T is Emiss

T /δEmiss
T

, whereδEmiss
T is the uncertainty inET due to

energy deposits in dead material and proportional to
√

ΣET): this cut has been shown
to be better suited to suppress especially QCD background without losing much signal
in contrast to simply increasing theEmiss

T or ΣET cuts
· the transverse momentum of the leading jet,pT(jet): the transverse momentum spec-

trum in signal events may be different than to that in background events
· the transverse momentum of the sub-leading jet,pT (jet)
· the transverse momentum of theτ , pT (τ )
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6.3 Main selection

H+ tt̄ W+jets QCD single top

cut 1 49.2±7.0 160.6±12.7 101.6±10.1 28731.0±169.5 11.2±3.3
cut 2 48.9±7.0 160.1±12.7 98.0±9.9 28564.0±169.0 11.2±3.3
cut 3 30.0±5.5 88.3±9.4 49.8±7.1 10484.9±102.4 6.3±2.5
cut 4 15.9±4.0 35.5±6.0 24.2±4.9 112.2±10.6 2.5±1.6
cut 5 10.7±3.3 24.6±5.0 1.7±1.3 34.5±5.9 1.5±1.2
cut 6 4.7±2.2 9.5±3.1 0.9±0.9 2.9± 1.7 0.6±0.8
cut 7 3.9±2.0 8.1±2.8 0.6±0.8 0.7± 0.8 0.5±0.7

Table 6.2: Cutflow for the TMVA-optimized selection. Event numbers are scaled to expected
events in 35.5pb−1 and uncertainties are statistical only. For the signal,mH+ = 130 GeV and
tanβ = 35 are assumed.

· the highest b-jet tagger weight,SV0: several working points referring to different
efficiencies of the b-tagger may be used

· the top quark massmj jb of the top quark decayingt →Wb→ qqb: with two jets and
the jet with the highestb-weight it should be possible to reconstruct the nominal top
quark mass within a certain mass window

· the angle∆φ between theτ andEmiss
T : if the mass of the charged Higgs boson is

greater than that of aW boson, the angle∆φ between the decay products of theH+

can be smaller than that of theτ and neutrino from theW boson decay because of a
higher transverse momentum of theτ

A signal efficiency of 3% resulting from the TMVA optimization was finally considered.
The corresponding cuts yield good background suppression especially forW+jets and QCD
backgrounds. The final signal selection cuts resulting for this are

· cut 0: a combinedτ andEmiss
T trigger

· cut 1: transverse energy sum:ΣET > 300 GeV
· cut 2: transverse momentum of leading jet:pT(jet) > 40 GeV
· cut 3: transverse momentum of tau:pT(τ ) > 35 GeV
· cut 4: missing transverse energy:Emiss

T > 70 GeV
· cut 5: b-tagger weight: SV0>5.72, yielding an efficiency of 50%
· cut 6: missing transverse energy significance:Emiss

T Significance> 5
√

GeV
· cut 7: top quark mass window: 145 GeV <mj jb < 235 GeV

The cutflow for these cuts (without the trigger requirement)for signal and important
backgrounds is summarized in Table 6.2. The trigger requirement is not an optimization
variable; in collision data the lowest unprescaledτ +Emiss

T trigger is used. When optimizing
the signal selection, it was not foreseeable which trigger this would be in the end.

When applying the signal selection to collision data in chapter 7, events are not prefiltered
and thus a veto on events containing high-energetic, isolated muons and electrons as in the
preselection is added to the signal selection cuts.
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Figure 6.1: Distribution of variables after preselection.The background contributions are
stacked, a hypothetical signal assumingmH+ = 130 GeV and tanβ = 35 is superimposed.
Signal selection cut values of the optimized selection are indicated as dash-dotted lines.
Baseline cuts are shown in solid lines. Events are normalized to 35.5 pb−1.
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6.3 Main selection

After applying the TMVA-optimized signal selection, the background is dominated by
tt̄ processes with 8.1±2.8 events. All other backgrounds are well reduced withW+jets,
QCD and single top processes resulting in only 0.6±0.8, 0.7±0.8 and 0.5±0.7 events,
respectively. From charged Higgs processes, 3.9±2.0 events are expected.

The cut onEmiss
T Significance is very effective in reducing especially the QCD background

as expected.W+jets events are harder to suppress because of more similarities to the signal
compared QCD and signal. The same applies to thett̄ background, as discussed in chapter
4.

Preselected distributions with the optimized signal selection cut values and loosened cut
values corresponding to the baseline selection (see below)indicated are shown in Figure
6.1. The transverse mass calculated from the momenta of theτ lepton and the missing
transverse energy is used as discriminating variable. For background processes with twoW
bosons coming from thett̄ decay, this corresponds to the transverse mass of aW decaying
to aτ lepton and a neutrino while for signal processes it corresponds to the transverse mass
of theH+. It is defined as

mT =
√

2 · pT(τ )Emiss
T (1−cos∆φ). (6.1)

Here,∆φ is the angle between the missing momentum and theτ jet in the transverse plane.
ThemT distribution after the TMVA-optimized signal selection isshown in Figure 6.2. If
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Figure 6.2: Distribution of the transverse mass after TMVA-optimized signal selection.
Shown are events expected in 35.5 pb−1. Background contributions are stacked, hypotheti-
cal signal assumingmH+ = 130 GeV and tanβ = 35 is superimposed.

the mass of the charged Higgs boson is greater than theW boson mass, the distribution of
mT is expected not to drop at theW mass, but atmH+ as can be clearly seen in Figure 6.2.

The TMVA-optimized selection has to be loosened slightly when applied to data taken by
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6 Signal selection

H+ tt̄ W+jets QCD single top

(cut 1) 59.4±7.7 188.6±13.7 156.4±12.5 42548.5±206.3 16.0±4.0
cut 2 59.4±7.7 188.6±13.7 156.4±12.5 42548.5±206.3 16.0±4.0
cut 3 53.4±7.3 166.3±12.9 131.0±11.4 32539.3±180.4 14.0±3.7
cut 4 51.8±7.2 156.6±12.5 124.0±11.1 9726.5±98.6 12.4±3.5
cut 5 33.7±5.8 109.5±10.5 6.8±2.6 1058.6±32.5 7.6±2.8
cut 6 23.2±4.8 63.1±7.9 4.2±2.1 161.0±12.7 4.5±2.1
cut 7 20.0±4.5 56.4±7.5 3.1±1.8 89.2±9.4 3.7±1.9

Table 6.3: Cutflow for the baseline signal selection. Event numbers are scaled to expected
events in 35.5 pb−1 and uncertainties are statistical only. Compared to Table 6.2, cut 1 has
been dropped and cuts 2, 3, 4, and 6 have been set to lower values and the mass window
in cut 7 has been widened. ThepT requirement is applied to the leading jet only. For the
signal,mH+ = 130 GeV and tanβ = 35 are assumed.

ATLAS in 2010 because otherwise event yields after the final selection are too low. With
an expectation of scarcely 10 background events, the results after the TMVA-optimized
selection are subject to statistical fluctuations, leadingto not very reliable or significant
results.

Some of the cut values from the TMVA-optimized selection arethus altered or dropped:

· no cut onΣET : because of the cut onEmiss
T andEmiss

T Significance, no additionalΣET

cut is necessary
· Emiss

T Significance: the cut value is lowered to 3
√

GeV
· Emiss

T : the cut values is lowered to 30 GeV
· pT of leading jet: lowered to 20 GeV, but four jets with this transverse momentum are

required
· pT of τ jet: lowered to 20 GeV
· top quark mass window: 120 GeV <mj jb < 240 GeV

Expected events in 35.5 pb−1 for this loosened selection, called ’baseline’ in the following,
are summarized in Table 6.3. Applying the baseline selection, the background is no longer
dominated bytt̄ but by QCD events, with 56.3±7.5 tt̄ and 89.2±9.4 QCD events. Single
top andW+jets processes are still well suppressed, contributing 3.1± 1.8 and 3.7± 1.9
events, respectively. With 20.0±4.5 about five times as much signal events as before pass
the selection now, compared to the TMVA-optimized cuts.

TheS/B ratio drops from 0.39 for the TMVA-optimized selection to 0.13 for the baseline
selection.

ThemT distribution after loose signal selection is shown in Figure 6.3.
When applied to collision data, the cut on theb-tagger weight is set to 5.85 instead of

5.72 following recommendations.
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Figure 6.3: Distribution of the transverse mass after baseline signal selection. Shown are
events expected in 35.5 pb−1. Background contributions are stacked, hypothetical signal
assumingmH+ = 130 GeV and tanβ = 35 is superimposed.
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7.1 Approach to data-driven background estimation

An accurate understanding of background processes is crucial for making discoveries or
setting valid limits on hypothetical New Physics processes. Since pile-up conditions, un-
derlying event, trigger efficiencies and the detector response in general are not always well-
modeled in simulation and associated with some degree of uncertainty [45], data-driven
background estimates are needed. By not relying on Monte Carlo simulation but rather tak-
ing most of the information directly from data, problems in the modeling can be avoided
and systematic uncertainties can be reduced.

In the following, different contributions to the backgrounds in charged Higgs boson
searches are estimated using data-driven methods. Events that contain trueτ jets are studied
and estimated using the so-called embedding method. The optimization and validation of
the embedding technique is performed in the context of this thesis. Estimating the back-
ground contribution with the embedding method, everythingbut theτ jet is taken from
collision data. If electrons, muons or jets in events are wrongly identified asτ jets, their
contribution are estimated using so-called fake rates. A fake rate is determined by the num-
ber of objects of a certain type wrongly identified asτ jets divided by all objects of that type
that are reconstructed asτ jets (see chapter 5).

fake rate=
No. of objects(e,µ, jet) identified asτ

No. of objects(e,µ, jet) reconstructed asτ
(7.1)

For background estimations using fake rates, everything but the fake rate itself is taken
from simulation. The contribution from QCD multi-jet background is estimated based on a
data-driven control sample. Only very little input is takenfrom Monte Carlo simulation.

Finally, methods and results from estimating all contributions to charged Higgs boson
backgrounds are summarized. The results from the data-driven background estimates are
merged and compared to collision data.

The methods to estimate the fake-rates and the QCD contribution and corresponding re-
sults are reported for completeness [55, 56].

7.2 Estimating the background with true τ leptons
using the embedding method

Standard Modeltt̄ events decaying to aτ jet, 4 jets and missing transverse energy are an
irreducible and very important background to the signal channel investigated in this thesis
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Figure 7.1: Leading-order Feynman diagram of the Standard Model process wanted for the
embedding. The final state of theW boson not decaying to a muon includes two quarks.

(see chapter 4) once the baseline selection is applied. It istherefore impossible to select
background events of this topology without selecting signal events as well. The goal of
the analysis presented here, however, is to predict the shape and normalization of themT

distribution for events featuring exactly the above mentioned objects. This is done using an
embedding technique. Compared to background estimations based on Monte Carlo simula-
tion, this method has the advantage that everything but theτ jet, including pile-up and the
underlying event, is taken from collision data.

To apply the embedding, events are collected from data that show an identical topology
but are free of signal. The branching ratioH+ → µν is negligibly small. Thus in events of
the typett̄ →WbbW−b̄→ µνbqqb, very little signal contribution is expected.

The embedding technique takes advantage of such events witha topology and kinematics
similar to those of the channel that is investigated but including different final state particles,
i. e. a muon instead of a hadronicτ decay. The final state particle not wanted in the
analysis (here a muon) is removed from the event and replacedby a simulated one (here a
hadronically decayingτ ), hence leading to the process needed for background estimation
while guaranteeing that the sample is signal-free.

Embedding has been successfully applied toZ → µµ events to estimate theZ → ττ
background inH → ττ searches [57] and first studies in charged Higgs boson searches have
been performed [58].

In the following, the embedding selection to collect eventsfeaturing a muon, four jets and
missing transverse energy is optimized. The dominating process for this is shown in Figure
7.1. Embeddedtt̄ Monte Carlo simulation samples are compared to referencett̄ Monte
Carlo simulation samples. In the following, reference samples mean that the embedding
selection has been applied requiring aτ instead of a muon. Embedded collision data taken
by ATLAS in 2010 are then compared to reference Monte Carlo simulation includingtt̄,
single top,W+jets and QCD processes. Systematic uncertainties due to the embedding are
studied.
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7.2 Estimating the background with trueτ leptons using the embedding method

Figure 7.2: Schematic illustration of the embedding method, adapted from [58]

7.2.1 Embedding technique

The method can be divided roughly into four separate steps, illustrated schematically in Fig-
ure 7.2 [57, 58, 60]: decay identification, rescaling and manipulation of the event, merging
and reconstruction.

In the studies presented here, embedding takes place on celllevel in the detector. That is,
the detector response (i.e. individual cells) of a muon is replaced by that of aτ lepton instead
of replacing reconstructed objects. The replacement takesplace in a small inner cone (here
of radius∆R = 0.1) around the original muon. Calorimeter cell energy depositions in an
area between this inner cone and a wider outer cone are added to the cells from the original
event instead of replacing them, as is illustrated in Fig. 7.3. SinceEmiss

T is calculated on
cell-level in ATLAS, having to calculate or correct this quantity manually is avoided.

Decay identification As first step, events are identified to which the embedding will
be applied. The events should satisfy certain criteria, such as containing a high energetic
muon, four jets, a minimum total transverse energy and minimum missing transverse energy
to account for the neutrino, that describe the final state well. A good purity is wanted in the
embedded samples, such that the criteria describe the process shown in Figure 7.1 as well
as possible.

The reconstructed vertex the muon points to is used as vertexposition.

51
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Figure 7.3: Schematic illustration of inner and outer conesaround original muon/simulated
τ and adding/replacement of energy depositions. The rectangle represents an area in the
calorimeter. Full circles show energy depositions, where blue represents less and red more
deposited energy compared to yellow. The dashed circles represent the inner and outer
cones. Although this illustration shows aZ → µµ event, the mechanism is the same for
W → µν as used in this thesis. The muon in this figure is replaced by aτ jet with three
charged tracks (3-prong) [60].

Rescaling and manipulation In the selected events, the muon is extracted and its
momentum is rescaled to account for the higherτ lepton mass.

~pτ =

√

E2
µ −m2

τ

|~pµ |
·~pµ

The decay of the rescaledτ is handled by TAUOLA, and PHOTOS is used to generate
final state radiation. An event record of theτ decay is produced and fed into a realistic
ATLAS detector simulation. Theτ lepton then gets digitized and reconstructed. Calorimeter
noise simulation or vertex smearing are not applied, following recommendations [61].

Merging In the first step of the actual embedding, the muons used as input for the τ
leptons are identified and linked to the decay products of theτ . Since sometimes TAUOLA
adds photon radiation in a decay, the four-vectors of theτ leptons can be altered, leading to
different positions of the original muon and theτ .

In a second step, the tracks of the original muon in the muon spectrometer and inner
detector are removed and those from the simulatedτ decay are added. Track segments in
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7.2 Estimating the background with trueτ leptons using the embedding method

a cone around the original muon in the muon spectrometer are also removed and replaced
by simulated track segments in the same cone. Calorimeter cells in the inner cone around
the former muon and tracks associated to it are replaced by those of the simulatedτ decay
products. Thus the original muon is completely removed fromthe event.

The final step consists of merging the event fragment and the simulatedτ in the calorime-
ter. Energy depositions in a small inner cone around the muonare removed. In a larger
cone (’outer cone’) around the muon, the energy depositionsin the calorimeter cells from
the simulatedτ decay are added to the original event.

Reconstruction Finally, some of the ATLAS reconstruction algorithms are run on the
merged events to reconstruct higher level objects such as leptons, jets,τ jets and missing
transverse energy.

7.2.2 Embedding parameters

To adjust the embedding method to the different implementations possible, flags can be set.
Some parameters concern the kind of decay the embedding is run on, while others determine
e.g. the cone size around the muon in which tracks and calorimeter cell energy depositions
are replaced or added. Important parameters are:
Muon Identification Algorithm: Several muon collections can be used.
Jet Identification Algorithm: Different jet algorithms are available and can be used for
reconstructing jets.
Emiss

T Algorithm: As for muons and jets, several algorithms are available to calculate miss-
ing transverse energy.
Calorimeter noise: Noise in the calorimeter in the digitization step, switchedon or off.
CopyAllSimTracks: If this flag is set true, all simulated tracks are added to the original
event.
UseOuterCone:If this flag is set true, cells in the outer cone are added.
MaxDRMuonToTruthTau: Maximum distance inR between the original muon and the
truth τ (see explanation to ’Merging’ step).
NumMuonsToReplace:Depending on the selected events, either one or two muons have
to be replaced.
TauDecayMode: τ leptons can decay hadronically, forming jets, or leptonically to elec-
trons or muons.
TauCone: Cells in∆R<TauCone are replaced, used for hadronically decayingτ leptons
TauOuterCone: Cells in TauCone<∆R<TauOuterCone are added to the event, used for
hadronically decayingτ leptons
The settings used in the studies presented are summarized inTable 7.1.
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Muon Identification Algorithm STACO

Jet Identification Algorithm AntiKt4TopoEM1

Missing ET Algorithm MET_RefFinal2

Calorimeter noise off
CopyAllSimTracks true
UseOuterCone true
MaxDRMuonToTruthTau 0.1
NumMuonsToReplace 1
TauDecayMode had
TauCone 0.1
TauOuterCone 0.45
1 anti-kT algorithm with∆R < 0.4, calibrated at the electro-

magnetic scale
2 refinedEmiss

T calculation

Table 7.1: Parameter settings used in the Embedding. The settings for parameters that are
not decay-specific follow recommendations [61].

7.2.3 Event selection and cut optimization

Starting off with the event selection proposed in ref. [59] for the muon + jets channel,
the cuts have been optimized further. Since in 2009 it was still expected that the LHC
would run at a center-of-mass energy of

√
s = 14 TeV, some of the cut values are quite

tight for current conditions at a center-of-mass energy of
√

s = 7 TeV. Events containing
the decaystt̄ → bWbW→ bµνµbqq, which can be identified using Monte Carlo simulation
truth information, are treated as ’signal’ for the embedding, since these are the processes
wanted. All othertt̄ channels with at least one lepton are called ’background’ or’other’
in the following. The cuts for the event selection have been optimized on simulation event
samples, considering thett̄, W + jets,Z + jets andbb̄ processes (see chapter 4).

The selection presented in [59] requires events to pass the following criteria:

· one isolated (less than 10 GeV deposited in calorimeter cells in a hollow cone with
∆R< 0.2 around the muon) muon with a high transverse momentum (pT>20 GeV) is
found

· the transverse energy sum has to be greater than 250 GeV
· two jets with transverse momenta above 40 GeV have to be present
· at least one of these high-momentum jets has to have ab-tag with JetWeight (combi-

nation of secondary vertex and impact parameter algorithms) >3
· the transverse mass of two additional jets with transverse momenta greater than 40 GeV

lies within 20 GeV of the nominalW mass
· there are no muons withpT>20 GeV within∆R<0.4 of jets withpT>20 GeV
· missing transverse energy of at least 40 GeV
· events are rejected if isolated (less then 20 GeV deposited in calorimeter cells in a

hollow cone with∆R< 0.3 around the electron) electrons with transverse momenta
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greater than 20 GeV are found

This selection filters out events with the required topology: oneW is expected to decay
to a muon and a neutrino, the otherW decays hadronically. From the decay of the top-quark
pair there are be twob jets present. Overall, four jets with high transverse momenta should
be present. Since no electrons are expected, a veto is applied to events containing these.
With four jets and the muon, the overall transverse energy ofthe events should exceed a
certain value.

When applying these cuts to 7 TeV samples, a signal selectionefficiency of only 6.9%
is reached, compared to 8.6% in [59]. The signal purity improves a little, from 74.2% to
75.6% when implementing the cuts on the new samples. To improve the signal selection
efficiency, different variations of the initial cuts have been studied. In detail, this meant to
vary:

· the transverse momentum requirements on the jets: lower therequiredpT values of
several or all of them

· theb-tag requirement: tighten or loosen it, require zero, one ortwo b-tagged jets
· the missing transverse energy and transverse energy sum requirements
· the conditions for the veto on overlapping muons and jets:∆R, pT requirement of the

muons and jets taken into account
· add new cuts: require a hadronically decaying top quark:x < mj jb < y

More than 40 different combinations of altered cut values have been tested for the result-
ing signal selection efficiency and purity. In Figure 7.4, some of these combinations yielding
clearly better results than the initial cut values, are displayed. Here, initial values mean the
cuts starting off from for the optimization. For the other cuts, always the values that differ
from the initial values are given: the red square shows the resulting purity and efficiency for
the initial cuts but with requiring onlyEmiss

T > 30 GeV (Emiss
T is labeled ’MET’ in this plot)

instead ofEmiss
T > 40 GeV and four jets withpT > 30 GeV instead of> 40 GeV. The blue

triangle shows the initial cuts but requiring four jets withpT > 25 GeV andEmiss
T > 30 GeV.

Shown with a yellow triangle are the results when requiring four jets with transverse mo-
menta greater than 25 GeV, a missing transverse energy greater than 30 GeV and a transverse
energy sum of at least 200 GeV. The ’final’ cut values are discussed below. Besides altering
other cuts, for the examples shown the transverse momentum requirements on the four jets
in the event are lowered, combined with a lower missing transverse energy and lower total
transverse energy requirement. It is also attempted to add new cuts, for example require an
invariant mass within 20 GeV of the nominal top quark mass from the combination of two
jets and a b-jet and choose that combination as top quark withits invariant mass closest to
the nominal one. Some cuts, e.g. requiring a secondb-tagged jet or adding the hadronically
decaying top quark, improve the purity of the collected sample but lower the efficiency ex-
cessively. A combination of cuts that result in a good signalefficiency while not leading to
a bad purity of the sample is sought.

The cut values yielding the best signal efficiency of 19.07% (called ’embedding selection’
in the following) with an acceptable purity of 76.90% are labeled final values in Figure 7.4.
In detail, these are:
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Figure 7.4: Examples of purities and embedding signal selection efficiencies obtained from
testing different cut values. Initial values means the cutsfrom ref. [59]. For the other
entries, the specified cut values have been changed in relation to the initial values.

· cut 1: one muon with transverse momentum above 20 GeV and lessthan 10 GeV
deposited in calorimeter cells in a hollow cone with∆R < 0.2 around the muon is
found

· cut 2: transverse energy sum of more than 200 GeV
· cut 3: require four jets with transverse momenta greater than 20 GeV
· cut 4: one of the four jets is required to have an associatedb-tag with jet weight of at

least 5.72
· cut 5: the invariant mass of two jets with transverse momentagreater than 35 GeV

should lie within 20 GeV of the nominalW mass
· cut 6: events with muons (pT > 20 GeV) overlapping with jets (pT > 15 GeV) within

∆R<0.3 are rejected
· cut 7: missing transverse energy above 30 GeV
· cut 8: events containing high-energetic, isolated electrons (pT > 20 GeV, less than

20 GeV deposited in calorimeter cells in a hollow cone with∆R < 0.3 around the
electron) are removed

The event numbers expected for an integrated luminosity of 35.5 pb−1 to pass the final cuts
are summarized in Table 7.2. As can be seen, most of theW + jets background can be well
suppressed, theZ + jets background is negligible and the QCDbb̄ background is cut away
almost completely. The 4 jets requirement and theb-tag are very effective cuts.tt̄ decays
with at least one lepton other than that wanted for the embedding constitute the dominant
background.
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tt̄ ’signal’ othertt̄ with W+jets
tt̄ → µνbqqb ≥ 1 lepton

no cut 820.1± 28.6 2318.2± 48.1 76241.2± 276.1
cut 1 618.0± 24.9 282.9± 16.8 18813.3± 137.2
cut 2 597.6± 24.4 247.4± 15.7 8974.3± 94.7
cut 3 487.2± 22.1 158.2± 12.6 995.2± 31.5
cut 4 366.9± 19.2 119.9± 10.9 57.9± 7.6
cut 5 233.9± 15.3 60.9± 7.8 18.5± 4.3
cut 6 201.8± 14.2 47.4± 6.9 16.9± 4.1
cut 7 157.9± 12.6 40.6± 6.4 11.8± 3.4
cut 8 156.3± 12.5 26.9± 5.2 11.7± 3.4

Z+jets bb̄ all backgrounds

no cut 8302.6± 91.1 2623450.0± 1619.7 2710311.9± 1646.3
cut 1 1212.8± 34.8 378723.3± 615.4 399032.2± 631.7
cut 2 587.2± 24.2 118399.6± 344.1 128208.5± 358.1
cut 3 73.1± 8.5 23233.3± 152.4 24459.8± 156.4
cut 4 2.8± 1.7 14660.5± 121.1 14841.1± 121.8
cut 5 1.0± 1.0 2684.4± 51.8 2764.8± 52.6
cut 6 0.9± 0.9 167.9± 13.0 233.0± 15.3
cut 7 0.5± 0.7 7.9± 2.8 60.8± 7.8
cut 8 0.5± 0.7 7.9± 2.8 47.0± 6.9

Table 7.2: Expected number of events for the different background processes after embed-
ding selection for an integrated luminosity of 35.5 pb−1.
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7.2.4 Comparison of embedded and reference simulation

To validate the embedding procedure, an embedded Monte Carlo simulationtt̄ event sample
is compared to a referencett̄ simulation sample. The single steps for this consist of applying
the embedding selection to a Monte Carlo simulationtt̄ sample, running the embedding on
the selected events and finally applying a modified embeddingselection on the embedded
events. In this modified embedding selection, the same cuts as in the embedding selection
are applied but a high-energeticτ lepton (pT > 20 GeV) is required instead of the muon. The
reference, not-embedded sample is collected by applying the modified embedding selection
to att̄ simulation sample.

The distributions of some variables are shown in Figure 7.5.Although there are some
differences between embedded and reference samples, the overall shapes agree within 10-
20%, even for complex quantities such as the reconstructed transverseW boson and top
quark masses.

Discrepancies in the transverse momentum distributions can result from the embedding
step. From the reconstruction of the embeddedτ lepton, slightly different momenta than
those of the original muon may result due to e.g. inexact measuring or smearing in the
reconstruction algorithm. Differences in thepT distributions will affect energy distributions
and thus small discrepancies between the embedded and reference sample are expected in
the missing transverse energy and transverse energy sum distributions as well.

7.2.5 Comparison of embedded data and reference simulation

Embedded collision data is compared to a mixture of reference Monte Carlo simulation
samples.

In collision data, the lowest unprescaled muon trigger (pT(µ) > 13 GeV) is required,
basic event cleaning cuts are applied and a Good Runs List is used. The embedding selection
is then applied but due to too few events in data, only 3 instead of four jets are required.
The embedding is run on the selected events. After the embedding, a modified embedding
selection is applied to embedded data, requiring aτ jet with pT > 20 GeV instead of the
muon. No trigger information is available after the embedding, thus no additionalτ +Emiss

T
trigger is added to the modified embedding selection on data.

The loosened embedding selection (requiring 3 instead of 4 jets) plus the muon trigger
is also applied to different Monte Carlo simulation samplesto calculate how many events
of what background process are to be expected. Since this selection is the one that initially
filters out data events, it is thus possible to scale the individual simulation samples according
to expectations in data.

The modified embedding selection requiring aτ lepton instead of a muon is then applied
to Monte Carlo simulation samples. Additionally, a combined τ +Emiss

T trigger is required,
with the thresholds set topT > 20 GeV andEmiss

T > 25 GeV The individual background
contributions are scaled to the expectations extracted from the preceding step (applying the
loosened embedding selection to different Monte Carlo simulation samples).

Additionally, the loosened embedding selection plus the muon trigger are required on
tt̄ Monte Carlo simulation. The selected events are embedded and the modified embedding
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Figure 7.5: Comparison of several distributions in embedded and referencett̄ Monte Carlo
simulation. Errors are statistical only. Shown areτ pT and |η | distributions, transverse
energy sum, missing transverse energy and reconstructed transverseW boson mass.
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sample expected events

tt̄ 171.2±1.4
single top 11.3±0.3
W + jets 16.8±2.1
QCD 12.4±3.2

Sum MC 212±7

Data 219

Table 7.3: Expected events from Monte Carlo simulation and observed events from data
after embedding selection. Uncertainties are statisticalonly.

selection requiring aτ instead of a muon and noτ +Emiss
T trigger is applied to the embedded

simulation events.
Distributions for some variables in embedded data and reference Monte Carlo simulation

are shown in Figure 7.6. Expected events from simulation after applying the muon trigger
and embedding selection and observed events in embedded data after applying the selections
as described above are summarized in Table 7.3.

As for the comparison of reference and embedded Monte Carlo simulation (see preced-
ing paragraph), the overall shapes of reference simulationand embedded collision data agree
mostly well within errors. Discrepancies in the pseudorapidity distributions are expected for
low |η | because of a low muon detection efficiency in this region. Thedifferences between
the transverse momentum distributions is studied separately. Differences between the em-
beddedtt̄ simulation and referencett̄ simulations can be seen in all variable distributions.
However, they are not as large as for embedded data and reference simulation. It could not
be finally explained where the discrepancies between embedded collision data and reference
Monte Carlo simulation for low transverse momenta and pseudorapidity of theτ lepton arise
from. It may be that the effect is at least part due to the low statistics and in further studies
with more data it may be reduced.

For the transverseτ + Emiss
T mass shown in Figure 7.6, the shapes agree mostly within

large statistical errors. As the integrated luminosity collected by ATLAS increases, the
distributions are expected to agree better as statistical fluctuations won’t have such a large
impact on them.

7.2.6 Systematic uncertainties

To study systematic uncertainties of the embedding, different approaches are made. The
studies are performed ontt̄ Monte Carlo simulation samples as well as on data taken by
ATLAS in 2010.

µ → µ embedding Systematic uncertainties introduced by the embedding itself are stud-
ied by applying the embedding selection, runningµ → µ embedding on selected events, i.e.
replacing the selected muon with a simulated one and comparing different variables of the
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Figure 7.6: Comparison of distributions of embedded data with reference Monte Carlo simu-
lation after embedding selection applied to collision dataand modified embedding selection
applied to simulation. Hypothetical signal for a referencepoint in parameter space and em-
bedding performed ontt̄ are superimposed. Shown areτ pT and|η | distributions, missing
transverse energy, its significance and the reconstructed transverse mass. Errors are statisti-
cal only.
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embedded events to those of the initially selected events. Thus uncertainties in distribu-
tions such as the transverse momentum, pseudorapidity, transverse energy sum and missing
transverse energy due to the embedding can be studied.

This procedure is applied separately to collision data andtt̄ Monte Carlo simulation.
Figure 7.7 shows some variable distributions in data. No deviations in the distributions

due to the embedding can be observed. The systematic errors caused by the embedding
are almost negligible and always within the 10% error bar shown in the plots of Figure 7.7.
Small deviations between the two samples are expected, since e.g. the transverse momentum
of the initially selected muon and the embedded muon will notalways be exactly the same
due to e.g. reconstruction uncertainties. This of course affects other variables such as the
missing transverse energy, the transverse energy sum andmT .

In Figure 7.8, the same distributions as in Figure 7.7 are shown, but usingtt̄ simulation
and embeddedtt̄ simulation instead of collision data and embedded data. Because of the
limited number of events in collision data compared to MonteCarlo simulation, the statis-
tical errors are much smaller in the latter one. Since systematic errors introduced by the
embedding step can be studied on simulated data as well, these distributions are used in the
following to estimate uncertainties. The systematic uncertainty due to the embedding itself
is extracted from the ratio plots in Fig. 7.8. The error bars of the embedded distributions
agree mostly within a 15% range with the values of the not-embedded distributions.

µ → τ embedding In a second study, some embedding settings are altered compared to
the default embedding selection. The embedding selection is compared to modified embed-
ding selections:

· a higher transverse momentum of the selected muon is required (25 instead of 20 GeV).
· a tighter isolation of the selected muon is required (less than 4 GeV instead of 10 GeV

deposited in calorimeter cells in a hollow cone with∆R < 0.3 around the selected
muon).

· the selected muon is not required to be isolated.

In Figure 7.9 muons are replaced byτ leptons, with varying selection criteria on the
muon. The baseline curves correspond to the signal selection (see chapter 6). The other
distributions correspond to the signal selection with one specific setting altered at a time.
For the ’loose’ distributions (red squares), no isolation requirement on the muon before em-
bedding is imposed. Shown in blue (triangles) are the distributions when requiring a muon
with pT > 25 GeV instead of 20 GeV. Finally, shown in green circles, a tighter isolation is
required on the muon before embedding with only 4 GeV insteadof 10 GeV of calorime-
ter cell deposits in a hollow cone with∆R< 0.3 around the muon. The ’loose’ curves in
7.9 are especially interesting for estimating effects fromQCD multi-jet events, e.g. if they
are not well described in simulation their effect could be underestimated. It is thus impor-
tant to see that the loose selection, which mimics embeddingperformed on QCD processes
where muons are expected not to be isolated, does not change the shapes of the distribu-
tions significantly. The tighter selection shown in 7.9 is important for future studies. With
worse pile-up conditions, constraints on selected objectsmight have to get tighter. Shapes
of distributions are not altered or shifted very much compared to the baseline selection.
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Figure 7.7: Comparison of data that the embedding selectionis applied to andµ → µ em-
bedded collision data. The embedding selection is applied to data shown in green andµ → µ
embedding is run on these selected events (orange triangles). Shown are transverse momen-
tum of the muon, transverseW mass, transverse energy sum and missing transverse energy.
The same events are used in both samples. Uncertainties are statistical only. The ratio plots
show embedded data divided by data to which the embedding selection is applied, with the
box indicating a 10% error band.
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Figure 7.8: Comparison oftt̄ Monte Carlo simulation that the embedding selection is applied
to andµ → µ embeddedtt̄ simulation. The embedding selection is applied to Monte Carlo
simulation shown in green andµ → µ embedding is run on these selected events (orange
triangles). Shown are transverse momentum of the muon, transverseW mass, transverse
energy sum and missing transverse energy. Uncertainties are statistical only. The ratio
plots show embedded simulation divided by simulation to which the embedding selection is
applied, with the box indicating a 10% error band.

64



7.2 Estimating the background with trueτ leptons using the embedding method

fr
ac

tio
n 

of
 e

ve
nt

s

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7 baseline
loose

>25GeV
T

p
tight

 [GeV]
T

 pτ
0 20 40 60 80 100 120 140 160 180 200

R
at

io

0

1

2

3

4

fr
ac

tio
n 

of
 e

ve
nt

s

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35 baseline
loose

>25GeV
T

p
tight

 [GeV]Tm

0 20 40 60 80 100 120 140 160 180 200

R
at

io

0

1

2

3

4

fr
ac

tio
n 

of
 e

ve
nt

s

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4 baseline
loose

>25GeV
T

p
tight

 [GeV]T EΣ
0 100 200 300 400 500 600 700 800 9001000

R
at

io

0

1

2

3

4

fr
ac

tio
n 

of
 e

ve
nt

s

0

0.05

0.1

0.15

0.2

0.25

0.3 baseline
loose

>25GeV
T

p
tight

 [GeV]miss
TE

0 20 40 60 80 100120140160180200220240

R
at

io

0

1

2

3

4

Figure 7.9: Comparison ofµ → τ embedded collision data with varying requirements on
the selected muon. ’Baseline’ means settings as in the embedding selection (yellow boxes),
for ’loose’ no isolation cuts have been required for the selected muon (red squares), for one
sample thepT cut on the muon was set to 25 instead of 20 GeV (blue triangles)and in green
circles the distributions are shown for a tighter isolationcut on the selected muon (less than
4 GeV instead of 10 GeV of calorimeter cell deposits in a hollow cone with∆R< 0.3 around
the muon). Uncertainties are statistical only. The ratio plots show each varied distribution
divided by the baseline distribution, drawn in the corresponding colors. The box indicates a
10 % error band.
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Because of large statistical uncertainties due to the limited size of the collision data sam-
ple, the corresponding distributions are also shown forµ → τ embeddedtt̄ Monte Carlo
simulation in Figure 7.10. With a larger simulated data sample and thus smaller statistical
errors, it is easier to estimate systematic errors. Since itcould be shown in Figure 7.9 that
looser isolation criteria do not cause an exceeding increase of QCD events, one can rely on
simulation.

Systematic errors inµ → τ embedding ontt̄ Monte Carlo simulation due to different
selection criteria in the embedding selection concerning the kinematics and isolation of the
muon are extracted from the ratio plots in Figure 7.10. The error bars of the varied selections
and the baseline values agree mostly within a 20% range.

τ energy scale The effect of varying theτ energy scale on the transverseτ +Emiss
T mass

distribution is investigated on embedded data. An uncertainty of ±5% is assumed on theτ
energy scale [55]. Applying it causes a maximum modificationof 6.5% events that pass the
signal selection. The effect of varying theτ energy scale on themT shape in embedded data
is shown in Fig. 7.11.

7.2.7 Application

Because of limited statistics and software problems, the signal selection presented in the
previous chapter had to be loosened for the estimation of thebackground containing trueτ
jets with the embedding method.

A minimum of three instead of four jets is required in the events. Furthermore, the recon-
struction of the hadronically decaying top quark is dropped.

No trigger could be required in embedded data, because the information is currently not
available after embedding. Due to a current software problem in the embedding package,τ
identification does not work properly. Therefore selectedτ jet candidates are matched to a
trueτ instead of requiringτ identification. Since theτ is the only part in the embedded data
coming from simulation, truth information is available.

This loosening causes a bias in the shape of themT distribution, shown in Figure 7.12.
ThemT distribution is shown for the baseline selection applied tott̄ Monte Carlo simulation
as well as the loosened selection, for which no trigger, a truth-matchedτ , only 3 jets and no
hadronically decaying top quark are required. Furthermore, the loose selection is applied to
embeddedtt̄ simulation.

To estimate the bias, the loose distribution in Figure 7.12 is normalized to the baseline
distribution in themT range of 30-70 GeV, since embedded data will be normalized tocol-
lision data in this range and thus differences between the distributions in a highermT range
resulting from the loosening of the selection can be estimated. The normalization factor
is then applied to the higher mass range of the loose distribution and the variation to the
baseline distribution in this range is calculated.

The systematic error due to the bias is estimated to be about+15%.
The overall systematic error is calculated by taking the square root of the sum of the

squared uncertainties:±15% due to the embedding,±20% from the embedding settings,
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Figure 7.10: Comparison ofµ → τ embeddedtt̄ Monte Carlo simulation with varying re-
quirements on the selected muon. ’Baseline’ means settingsas in the signal selection (yel-
low boxes), for ’loose’ no isolation cuts have been requiredfor the selected muon (red
squares), for one sample thepT cut on the muon was set to 25 instead of 20 GeV (blue
triangles) and in green circles the distributions are shownfor a tighter isolation cut on the
selected muon (less than 4 GeV instead of 10 GeV in a hollow cone with ∆R< 0.3 around
the muon). Uncertainties are statistical only. The ratio plots show each varied distribution
divided by the baseline distribution, drawn in the corresponding colors. The box indicates a
10% error band.
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Figure 7.12: Comparison of themT shape for different selections. The distribution is shown
for full signal selection (baseline), loosened signal selection (no trigger, truth-matching the
τ instead of requiringτ identification, requiring a minimum of three instead of fourjets and
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tion. The loose selection is also applied to embeddedtt̄ simulation (embedded). In the ratio
plot, the loose and embedded distributions are each dividedby the baseline distribution with
the gray box indicating a 10% error band. Errors are statistical only.
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Figure 7.13: Comparison of themT distribution of collision data with contributions from
fakeτ jets subtracted and embedded data. The full baseline selection is applied to collision
data, the loosened signal selection to embedded data. Embedded data are normalized to
collision data in the range of 30 to 70 GeV (first bin). Uncertainties are systematic and
statistical.

−6.5% because of the uncertainty of theτ energy scale and−20% due to the loosening of
the signal selection.

To estimate the background contribution with trueτ jets, the shape of themT distribution
is taken from embedded data. The normalization is taken directly from collision data. The
full signal selection is applied to collision data, where contributions from other backgrounds
have already been subtracted using results from the other background estimation methods
(see subsequent sections). After applying the loose signalselection to embedded data, the
embeddedmT distribution is normalized to that of collision data in a range of 30 to 70 GeV
and the resulting normalization factor is applied to embedded data formT > 70 GeV. In
the region from 30 to 70 GeV, the signal contribution is expected to be low and the events
in collision data are expected to be from background processes. The two distributions are
shown in Figure 7.13.

Between 70 and 210 GeV, 6.3± 2.5 events are seen in collision data, with backgrounds
from fake rates and QCD estimations subtracted (see subsequent sections). From embedded
data, even with the loosened selection only 4.7±1.3(stat.)+1.4

−1.2(syst.) events with trueτ jets
are retained in this range. As can be seen from Figure 7.13, the background estimation is
still limited by statistical errors because of low event numbers in the control sample used for
embedding. But within large statistical uncertainties, background estimation and data agree
well.
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7 Background estimation

Figure 7.14: Fake rate of probe electrons that passτ ID, electron veto and overlap removal
with electrons, binned in the transverse momentum and pseudorapidity. Errors are statistical
only [56].

7.3 Background with electrons faking τ leptons

The background contribution with electrons mis-identifiedasτ leptons are estimated with a
fake rate. These events can result fromW+jets and single top processes as well as fromtt̄
decays. The electron-to-τ fake rate is estimated using a tag-and-probe method [55, 56].

A clean and unbiased electron sample is collected from data in theZ → eechannel. One
of the electrons, the tag electron, has to pass a tight electron selection. The other electron is
used as the probe if it is reconstructed as aτ candidate. As the rate of electrons fakingτ jets
with three associated tracks is negligible compared to thatwith exactly one associated track,
only the latter are taken into account for this study. The results of the fake rate measured
in data and that modeled in simulation, shown in Figure 7.14,agree mostly within errors.
Relevant systematic uncertainties taken into account are

· the contamination of the sample with QCD multi-jet events:≈30%
· the choice of the mass window around theZ boson mass applied to tag-and-probe

objects:≈13%
· the uncertainty on the electron energy scale:≈2%

The number of events with electrons fakingτ leptons is estimated by labeling each true
electron from Monte Carlo simulation passing as aτ candidate asτ jet and weighting it with
the probability of the fake rate measured before. Quantities such as e.g.ΣET , Emiss

T andmT

are recalculated assuming the electron is aτ jet. Finally, the baseline cuts (see chapter 6)
without theτ identification are applied and the events passing the selection are counted.
The results are shown in Table 7.4. For data, both statistical and systematic uncertainties
are given, while for Monte Carlo simulation only statistical uncertainties are given. Results
from the fake rate and from Monte Carlo simulation agree within large uncertainties.
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Sample Fake rate prediction Monte Carlo simulation prediction

tt̄ 1.08±0.01±0.38 1.50±0.09

Table 7.4: Predicted number of events after baseline selection from the fake rate from a
Z → eesample and Monte Carlo simulation, applied to att̄ sample. For simulation events,
statistical errors only are given. The expected event numbers from simulation are normal-
ized to 36 pb−1 [55].

7.4 Background with muons faking τ leptons

To estimate the muon-to-τ fake rate, aZ → µµ control sample is studied with a method
similar to that for the electron-to-τ fake rate [55, 56]. Data and simulation agree well.
With the Monte Carlo simulation expectations on this fake rate being much smaller than
the uncertainties of the other backgrounds, it is found thatprocesses in which muons are
misidentified asτ jets are negligible.

7.5 Background with jets faking τ leptons

As for the estimation of the background with mis-identified electrons, the background con-
tribution of jets fakingτ leptons is measured using a fake rate [55, 56]. Mis-identified jets
result mostly fromtt̄ decays, single top andW+jets events.

A γ + jet control sample is selected from data. Jets in these events are dominantly of
quark origin, as it is the case especially in the dominanttt̄ backgrounds, but also in single
top andW + jets processes. Events are required to pass aγ trigger and the photon must
pass a tight isolation selection. Additionally, a jet fulfilling certain criteria must be present.
An object enters the numerator of this fake rate if it passes completeτ identification. The
denominator is made up of objects passingτ jet candidate reconstruction and lepton vetoes.
This procedure is applied to Monte Carlo simulation as well.Predictions from data and
simulation agree well within uncertainties as shown in Figure 7.15.

Relevant systematic uncertainties taken into account are

· the contamination of the sample with QCD multi-jet events:≈10%
· uncertainties of the control sample selection:≈15%
· correlations of the tag and probe objects:≈3%

A jet is labeled asτ jet if it passes the denominator requirements of the fake rate (recon-
structed asτ jet candidate and surviving lepton vetoes) and weighted with the calculated
fake rate. It is removed from the event to avoid double-counting. The event selection is
then applied and the weights of all events passing the cuts are summed. The prediction from
Monte Carlo simulation agrees well with observation in data. The results are shown in Table
7.5.

71



7 Background estimation

Figure 7.15: Jet-to-τ fake rate, determined from aγ+jet sample. The fake rate is measured
separately forτ jets with 1 or 3 tracks. For data, statistical uncertaintiesare given and for
MC statistical and systematic uncertainties [56].

Sample Fake rate prediction Monte Carlo simulation prediction

tt̄ 1.7±0.2±0.3 1.9±0.2

Table 7.5: Predicted number of events after baseline selection from the fake rate from a
γ+jets sample andtt̄ Monte Carlo simulation. For simulation, statistical errors only are
given. The event numbers are normalized to 36 pb−1 [55].

7.6 QCD background

The QCD multi-jet background to theτ + jets channel is estimated using an inverted selec-
tion [55, 56]. This is identical to theτ + jets selection but requires looserτ jet identification
and rejects events with tightτ identification. The inverted selection is applied to data. After
subtracting contributions from other non-QCD backgroundsestimated from simulation, the
Emiss

T distribution is used to model the QCD background. Using the shape from this model
and that for the distribution of the sum of non-QCD events from simulation, a fit is per-
formed on the distribution of the missing transverse energyon data after theτ + jets signal
selection is applied to extract the number of QCD multi-jet events. The result is shown in
Figure 7.16, separately forτ jets with one associated track and for allτ jets. The assumption
here is that theEmiss

T distribution for QCD has the same shape for the signal and theinverted
selection, respectively. It can be shown that this assumption is justified and the distributions
of missing transverse energy after the two different selections agree within statistical errors.

Relevant systematic uncertainties taken into account are

· in the shape and relative normalization oftt̄ andW processes which are taken from
Monte Carlo simulation:≈ 15%

· differences in theEmiss
T shape in control and signal regions:≈5%

The contribution from QCD multi-jet processes after all cuts is estimated to be 18.8±6.2±3.0
events.
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7.7 Final results

Figure 7.16: Fit to the missing transverse energy distribution after all cuts. Two shapes are
used, one fortt̄ andW+jets backgrounds and one for QCD. The fit is shown separatelyfor
1-prongτ jets and allτ jets. Errors are statistical only [55]

e→ τ fakes jet→ τ fakes QCD trueτ jets all data

1.1±0.0±0.4 1.7±0.2±0.3 18.8±6.2±3.0 10.8±3.1+1.4
−1.2 32±9±7 33

Table 7.6: Expected events from different contributions tothe background in charged Higgs
boson searches whereH+ → τν = 1 is assumed. Errors are statistical and systematic.

7.7 Final results

Combining the estimates of different background contributions, 32±9±7 events are ex-
pected and 33 are observed in collision data. The numbers with statistical and systematic
uncertainties from the different background contributions for the wholemT range are sum-
marized in Table 7.6. Figure 7.17 shows themT distribution in 2010 collision data com-
pared to the data-driven background estimation. The agreement is reasonably good within
the large uncertainties.

The transverse mass distribution is used in chapter 8 to derive a limit on the branching
ratio t → H+b assumingH+ → τν = 1.
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Figure 7.17: Result of data-driven background estimation.Shown is theτ + Emiss
T trans-

verse mass distribution as observed in collision data afterapplying the full signal selection
and estimates for different background contributions. Error bars on data indicate statis-
tical uncertainties. A hypothetical charged Higgs boson distribution formH+ = 130 GeV
and tanβ = 35, corresponding to a branching ratio BR(t → bH+) ≈ 6% and assuming
BR(H+ → τν ) = 1 is superimposed. Standard Modeltt̄ decays would be reduced accord-
ingly.
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8 Exclusion limit

8.1 Theoretical basis

A preliminary goal in particle physics can be to set upper limits on hypothesized signal
processes. Since the requirements to set a limit are not as tight as those for discoveries
from a statistical point of view, it is possible to exclude i.e. New Physics processes already
without much data.

In the following chapter, the method to calculate upper limits is explained based on refer-
ences [62, 63].

Since no excess of data over the background estimation is found in chapter 7, an up-
per limit on the branching ratiot → H+b assumingH+ → τν = 1 is extracted from data
collected by ATLAS in 2010.

8.1.1 Statistical tests

The common procedure to search for New Physics based on a frequentist statistical test
consists of testing a hypothesisH0 against another hypothesisH1. To claim a discovery, the
background-only model of known processes can be defined asH0 which is tested against a
model containing background and a signal playing the role ofH1. For setting upper limits,
these roles are reversed:H0 is then the model that consists of background and signal, while
H1 is the background-only hypothesis. The outcome of such a test can be quantified by
specifying ap-value or significanceZ. The p-value is defined as the probability to find
data that is equally or less compatible with the predictionsof the assumed hypothesisH.
A hypothesis is regarded as excluded if thep-value is less than a certain value. To convert
the p-value into a significanceZ, the quantileΦ−1 of a standard Gaussian distribution is
needed:

Z = Φ−1(1− p). (8.1)

The relation between thep-value andZ is illustrated in Figure 8.1. Standard values in
particle physics to claim a discovery or set an exclusion limit requireZ > 5 (corresponding
to p= 2.87·10−7) andZ = 1.64 (p=0.05), respectively.

An often applied method for setting an exclusion limit is a frequentist significance test
based on a likelihood ratio. Nuisance parameters, i.e. systematic uncertainties, in signal and
background models whose values are unknown can be fitted fromdata with this method.

As an example, one may assume that a variablex is measured in a sample and a histogram
is filled with the measured valuesnk. Then

E[nk] = µ ·sk +bk (8.2)
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8 Exclusion limit

Figure 8.1: Relation betweenp-value andZ. ϕ (x) shows a standard normal distribution
[62].

is the expectation value ofnk, wheresk andbk are the mean number of entries in thekth bin
of the histogram.

sk = stot

∫

bin k
fs(x;θs)dx (8.3)

bk = btot

∫

bin k
fb(x;θb)dx (8.4)

The parameterµ defines the strength of the signal:µ=1 corresponds to the signal hypothe-
sis whileµ=0 describes the background-only hypothesis.fs and fb represent the probability
density functions (pdfs) ofx for signal and background events, respectively, withθs andθb

characterizing their shapes. The normalization factorstot is fixed to a certain value depend-
ing on and given by the signal model. If other measurements are made to constrain nuisance
parameters, i.e. systematic uncertainties, that yield values ofml , their expectation values
can be written as

E[ml ] = ul (θ). (8.5)

Here, theul depend onθ and can be calculated.

The likelihood functionL is given by the Poisson probabilities for all bins:

L(µ,θ) =
N

∏
i=1

(µsi +bi)
ni

ni !
e−(µsi+bi)

M

∏
l=1

uml
l

ml !
e−ul (8.6)

The profile likelihood ratioλ is built to test a hypothesized value ofµ:

λ (µ) =
L(µ, ˆ̂θ)

L(µ̂ , θ̂)
(8.7)

Here, ˆ̂θ is theθ value maximizingL for a specifiedµ. µ̂ and θ̂ are maximum likelihood
estimators. With nuisance parameters present, the profile likelihood is broadened relative to
a profile likelihood with fixed values forθ.
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Figure 8.2: Relation between an observed value of the test statistic tµ and thep-value ob-
tained from it [62].

For reasons of convenience, one often uses

tµ = −2lnλ (µ) (8.8)

as test statistic. Increasing disagreement betweenµ and the data is then represented by
higher values oftµ . This incompatibility can be quantified by calculating thep-value:

pµ =

∫ ∞

tµ,obs

f (tµ |µ)dtµ . (8.9)

The lower integral limittµ,obs is the value of the test statistic observed in data.f (tµ |µ)
represents the conditional probability density distribution assuming the hypothesisµ for the
test statistictµ , which tests the hypothesized value ofµ. In Figure 8.2, the relation between
an observed value of the test statistictµ and thep-value obtained from it is illustrated.

8.1.2 Test statistic for upper limits

To set an upper limit onµ, the test statisticqµ is defined as

qµ =

{
−2lnλ (µ) µ̂ ≤ µ
0 µ̂ > µ (8.10)

whereλ (µ) is the likelihood ratio as in Equation 8.7.qµ is set to zero for̂µ > µ because
this case would not be interpreted as being less compatible with µ than the data acquired
and it is hence not included in the rejection region. The way the test statistic is defined,
the incompatibility between data and assumed values ofµ increases withqµ . To quantify
the disagreement between the hypothesizedµ and data, one may calculate thep-value in
analogy to equation 8.9 usingqµ as test statistic and integrating fromqµ,obs to infinity.

pµ =
∫ ∞

qµ,obs

f (qµ |µ)dqµ (8.11)
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8 Exclusion limit

Hereqµ,obs is the observed value of the test statistic andf (qµ |µ) is the pdf ofqµ under the
assumption ofµ.

8.1.3 Alternative test statistic for upper limits

If only non-negative values of the strength parameterµ are to be regarded as physical mod-
els, an alternative test variableλ̃ (µ) can be defined as

λ̃ (µ) =







L(µ, ˆ̂θ(µ))

L(0, ˆ̂θ(0))
µ̂ < 0

L(µ, ˆ̂θ(µ))

L(µ̂,θ̂)
µ̂ ≥ 0

(8.12)

ˆ̂θ(0) and ˆ̂θ(µ) are the conditional maximum likelihood estimators ofθ for different values
of the strength parameter,µ and 0. The test statistic ˜qµ corresponding to the alternative test
variable is given by

q̃µ =

{

−2lnλ̃ (µ) µ̂ ≤ µ
0 µ̂ > µ =







−2ln L(µ, ˆ̂θ(µ))

L(0, ˆ̂θ(0))
µ̂ < 0

−2ln L(µ, ˆ̂θ(µ))

L(µ̂,θ̂)
0≤ µ̂ ≤ µ

0 µ̂ > µ

(8.13)

While qµ implies some important simplifications, one may want to use ˜qµ for smaller
samples as the two test statistics become equivalent in the large sample limit [62].

8.1.4 Approximations on distributions

If testing to find an upper limit, the distributionsf (qµ |µ) and f (qµ |µ ′) or the equivalents
using the alternative test statistic ˜qµ are needed. Here, as before, the subscript ofq de-
fines the hypothesis that is tested, while the second argument of f refers to the values of
the strength parameter assumed in data. The pdf with a different strength parameterµ ′ is
needed to calculate what significance can be expected if the data distribution does not corre-
spond to the values ofµ that is tested. Usually the significance/p-value of an experiment is
described by using the median significance under assumptionof a certain signal model and
accordingly distributed data, with which theµ = 0 hypothesis can be excluded. For upper
limits, normally the median upper limit on the strength parameter at a confidence level of
95% is calculated, given by theµ-value for which the median of thep-value is 0.05. If the
sample is large enough, some approximations one the profile likelihood ratio can be made.
But even for smaller sample sizes, the approximation usually yields accurate results [64].

For one parameter of interest, it can be shown that

−2lnλ (µ) =
(µ − µ̂)2

σ2 +O(1/
√

N) (8.14)

whereµ̂ is Gaussian distributed withµ ′ as the mean value,σ is the standard deviation and
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N the sample size. In the following, it is assumed that theO(1/
√

N) term in equation 8.14
can be neglected. Then it can be shown thatqµ =−2lnλ is χ2 distributed for one degree of
freedom with a noncentrality parameterΛ = (µ −µ ′)2/σ2, which is equal to zero ifµ = µ ′

[65].

The test statistic for upper limits can then be rewritten as

qµ =

{
(µ−µ̂)2

σ2 µ̂ ≤ µ
0 µ̂ > µ

(8.15)

with the same requirements onµ̂ as before. The pdff (qµ |µ ′) can then be found using the
results of Wilks.

f (qµ |µ ′) = Φ
(

µ ′−µ
σ

)

δ(qµ)+
1

2
√

2πqµ
exp

(

−1
2

(√

qµ −
µ −µ ′

σ

)2
)

(8.16)

The corresponding cumulative function is

F(qµ |µ ′) = Φ
(
√

qµ −
µ −µ ′

σ

)

(8.17)

and if µ = µ ′

F(qµ |µ) = Φ
(√

qµ
)

(8.18)

The p-value is then found to be

pµ = 1−Φ
(√

qµ
)

(8.19)

The upper limit (UL) onµ, i.e. the largestµ for which pµ ≤ α , whereα is 0.05 to exclude
values ofµ at a confidence level of 95%, is calculated using equations (8.15) and (8.19):

µUL = µ̂ +σΦ−1(1−α ) (8.20)

Employing a so-calledAsimov data set[62] the standard deviationσ can be estimated.
The Asimov data set always returns the true values of parameters if it is used to evaluate the
estimates for these.

To find an upper limit, it can be shown that

σ2 =
µ2

qµ,A
(8.21)

whereqµ,A is the test statistic using the Asimov data set [62].

The same procedure can be executed using the alternative test statisticq̃µ instead ofqµ .
The pdf does not follow aχ2 distribution in this case [62]. The corresponding cumulative
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Figure 8.3: Relation between thep-value and the median ofqµ under assumption of a dif-
ferent strength parameterµ ′ [62].

distribution forq̃µ is given by

F(q̃µ |µ) =







Φ
(
√

q̃µ

)

0 < q̃µ ≤ µ2/σ2

Φ
(

q̃µ+µ2/σ2

2µ/σ

)

q̃µ > µ2/σ2
(8.22)

The corresponding significance is given by

Zµ =

{ √
q̃µ 0 < q̃µ ≤ µ2/σ2

q̃µ+µ2/σ2

2µ/σ q̃µ > µ2/σ2 (8.23)

The upper limit onµ usingq̃µ and the corresponding error bands are given by

µUL+N = σ(Φ−1(1−α )+N) (8.24)

The median exclusion significance assuming a strength parameterµ ′ = 0, med[Zµ |0] is
given by

med[Zµ |0] =
√

qµ,A (8.25)

For the alternative test statistic ˜qµ , an analogous relation holds:

med[Zµ |0] =
√

q̃µ,A. (8.26)

The relation between thep-value and the median ofqµ under assumption of a different
strength parameterµ ′ is illustrated in Figure 8.3.

8.1.5 The CLs procedure

If the pdfs assuming background only or signal and background are very similar and the
distributions overlap mostly, the sensitivity of an experiment is very low. To avoid excluding
values of the parameter of interest falsely (hereµ) when the sensitivity is too low, the so-
calledCLs method can be used [66]. If e.g. the result from an experimentagrees with the
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8.2 Exclusion limit on the branching ratiot → H+b

background-only hypothesis, even a signal strength of zerowill be excluded 5% of the time
for a confidence level of 95%. However, this result does not say much about the existence
of a signal but more about the probability of finding at least an equally strong limit at future
experiments.

Using theCLs method, a hypothesis is excluded ifps≤ 1−0.95, where 0.95 is the confi-
dence level andps is defined as

ps =
ps+b

1− pb
. (8.27)

andCLs = 1− ps. Here,ps+b is the ’usual’p-value andpb is thep-value of the background-
only hypothesis (µ = 0). Thus the ’effective’p-value is reduced if the two distributions of
background only and signal plus background are much alike. Using the Asimov data set,
this ps value can be written as [70]

ps =
1−Φ(

√
qµ)

Φ(
√

qµ,A−√
qµ)

. (8.28)

The median upper limit onµ using theCLs method and the corresponding errors bands
are given by [70]

µUL+N = σ(Φ−1(1−αΦ(N)+N) (8.29)

whereN = 0 for the median limit andN = 1,2 for the corresponding one- and two-sigma
bands. The limits calculated in the following are based on theCLs procedure.

8.2 Exclusion limit on the branching ratio t → H+b

Since no excess of data over the background estimates could be observed in Chapter 7, the
mT distribution from collision data and background estimatesis used to derive a limit on the
branching ratiot → H+b for mH+ = 130 GeV assumingH+ → τν = 1.

The test statistics described above have been implemented into RooStats [68], a project
to create statistical tools built on top of RooFit [69].

In the case at hand, it has to be taken into account that thett̄ background will be reduced
with respect to the Standard Model background in the case of an H+ signal. With thett̄
cross section staying the same as for Standard Model processes only, the branching ratio
t → bW is reduced compared to the Standard Model only branching ratio if a light charged
Higgs boson exists. This affects the background estimationfrom e→ τ and jet→ τ fake
rates. The QCD background is not affected because it consists of only non-tt̄ processes
and the existence of a light charged Higgs boson has no effecton the abundance of QCD
events. Background events with trueτ leptons are not affected because here the background
estimate is taken from collision data. If a light charged Higgs boson exists, the rate of
Standard Model events used as input for the background estimation with trueτ leptons will
already be reduced accordingly.

The systematic uncertainties that are considered are summarized in Table 8.1. For the
background with trueτ leptons, the uncertainty on theτ energy scale is evaluated as de-
scribed in chapter 7. The uncertainty on theτ identification is not evaluated for this back-
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ground as noτ ID is used in the analysis but ratherτ jets are identified using truth-matching
and it is shown that the result does not depend on theτ identification efficiency. The system-
atic uncertainties given in Table 7.6 in chapter 7 are taken into account for the fake-rates and
QCD background. For the signal, uncertainties as evaluatedon tt̄ samples are assumed [56].
An uncertainty of 11% is assumed on the integrated luminosity [55]. Limits are calculated
for mH+ = 130 GeV and a branching ratio BR(H+ → τν ) = 1 is assumed.

The following Likelihood function is used [67]:

L(B,α ) = ∏
i

Pois(ni|νi)∏
j

N(α j) (8.30)

whereB is the branching ratiot → H+b and the parameter of interest,ni the number of
events in bini of the transverse mass distribution,j numbers sources of systematic uncer-
tainties while theα j contain their effects.Pois is the poissonian pdf andN the normal
distribution.νi gives the number of expected events in each bin:

νi = 2B(1−B)A−1ns
i σ1i(α )+(1−B)2ntt̄

i σ2i(α )+nb
i σ3i(α ) (8.31)

Here,A is a normalization factor needed to normalize the signal rate to the branching ratio,
the differentni are the expected numbers of events,ns

i for signal,ntt̄
i for tt̄ background events

andnb
i for non-tt̄ background events. Theσmi andα include the systematic uncertainties

from Table 8.1, withα being defined in a way that a±1 standard deviation corresponds to
α = ±1 for each individual systematic uncertainty. Theσmi are defined as

σmi(α ) = ∏
j

I(α j ;σ+
mi jσ

−
mi j) (8.32)

with

I(α ;x+x−) =







1+αx+ ifα > 0
1 ifα = 0
1−αx− ifα < 0

(8.33)

Here, theσ+
mi j andσ−

mi j describe the fractional effect of a systematic uncertaintyj in bin i
for the processm. Thus asymmetric uncertainties can be included in the calculation. The
systematics itself are considered as uncorrelated, but each systematic is considered corre-
lated between signal and background.

Observed limit The observed limit is calculated using Equation 8.28. The parameter
of interest BR(t → H+b) is scanned from 0.0 to 0.5 in steps of 0.01. For each value ofµ,
the p-value according to equation 8.28 is calculated. The branching ratio and correspond-
ing 1− ps-values are filled into a histogram. A fit is performed and the branching ratio
corresponding to the confidence level of 0.95 is extracted, yielding the upper limit on the
branching ratiot → H+b that is compatible with data.

An observed upper limit on the branching ratio BR(t → H+b) for mH+ = 130 GeV as-
suming BR(H+ → τν ) = 1 of 0.17 results, corresponding to a cross section of about 47 pb.
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8.2 Exclusion limit on the branching ratiot → H+b

uncertainty on signal uncertainty on background with trueτ leptons

τ energy scale +0.0,−2.7 +0.0,−6.5
τ identification ±7.4 -
jet energy scale +21,−18 -
embedding - ±15
embedding settings - ±20
loose selection - +15,−0.0
luminosity ±11 ±11

Table 8.1: Systematic uncertainties on the signal and background contribution with trueτ
leptons. Numbers are given in % [56].

+2σ +1σ median -1σ -2σ

0.44 0.33 0.24 0.17 0.13

Table 8.2: ExpectedCLs limits on the branching ratiot → H+b at a 95% confidence level
assumingmH+ = 130 GeV, extracted from ATLAS data taken in 2010.

Expected limit The expected upper limit and its errors are calculated usingequation
8.29.

The observed and expected upper limit on the branching ratioagree within 1σ . In Figure
8.4, the limits are illustrated depending on tanβ . Assuming a charged Higgs boson mass of
130 GeV, tanβ values greater than 74 (96), where the solid black line crosses the observed
(expected) limit line are excluded. The observed limit coincides with the−1σ value of the
expected limit. Values for tanβ corresponding to branching ratios formH+ have been calcu-
lated with FeynHiggs [72] in themmax

h scenario. One should note that the region tanβ > 65
is theoretically not well controlled [71].
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Figure 8.4: Illustration of expected and observed limits inaBR(t → H+b)-tanβ-plane. As-
suming a charged Higgs boson mass of 130 GeV, tanβ values greater than those where the
solid black line crosses the expected and observed limit line are excluded.
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9 Conclusions

In this thesis, a search for a charged Higgs boson withmH+ decaying to aτ and a neutrino
has been performed with 35.5 pb−1 of data taken by ATLAS in 2010 at

√
s= 7TeV.

The discovery of charged Higgs bosons would be a definite signfor physics beyond the
Standard Model. The LHC at CERN offers unique opportunitiesto search for these particles,
with a promising topology for charged Higgs bosons, ifmH+ < mt , beingtt̄ → H+bqqband
H+ → τν . But to search for New Physics, an accurate understanding ofStandard Model
background processes is indispensable.

The signal selection for light charged Higgs bosons in the channel tt̄ → WbH+b →
qqbτν b has been optimized using the TMVA toolkit.

Furthermore, the Standard Model background to these charged Higgs boson searches
has been estimated. The Standard Model background processes can be split up into four
contributions: processes with trueτ leptons, electrons fakingτ leptons, jets fakingτ leptons
and QCD multi-jet processes.

Background processes containing trueτ leptons decaying hadronically have been esti-
mated using an embedding method. Events with a similar topology to that of signal events
but a different final state that is expected to be almost signal free are collected from collision
data. The unwanted final state particle is then removed and replaced by the corresponding
particle from signal final states. Thus everything, including pile-up and underlying event, for
background estimation but this one simulated particle is taken directly from collision data.
The embedding selection, i.e. the sequence of cuts to selecttt̄ → µ + jets events applied
to data before the embedding is run, has been optimized on simulation samples. Embed-
ded Monte Carlo simulation have been compared to reference simulation. Also, embedded
collision data have been compared to reference Monte Carlo simulation. Event yields and
distributions after the embedding selection and embeddingprocedure applied to collision
data and expectations from simulation agree well. Systematic uncertainties due to the em-
bedding procedure and variations in the embedding selection that affect the embedding step
have been studied.

The other background contributions have been estimated by other ATLAS members and
have been quoted here for completeness.

Combining all background contributions and comparing themto collision data taken by
ATLAS in 2010, no excess of collision data over the Standard Model expectations could be
observed.

Using the results from the background estimations, upper limits on the branching ratio
t →H+b assuming BR(H+ → τν ) = 1 for mH+ = 130 GeV could be set. At 95% confidence
level, the observed limit is extracted to be 0.17 and the expected 0.24. Both limits agree
within 1σ . These limits could be reinterpreted as limits on tanβ for mH+ = 130 GeV. For
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the observed (expected) limit a value of tanβ =74 (96) results for themmax
h scenario of the

MSSM.
As this thesis is written, more than 2 fb−1 of data have been collected by the ATLAS

detector. This allows to tighten the event selection and to study the embedding procedure in
more detail. In case no hint for charged Higgs boson production will be found, large parts
of the MSSM parameter space may be excluded formH+ < mt .
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