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1. Introduction

The aim of elementary particle physics is to identify and explain the con-
stituents and forces of the world surrounding us. By now, the Standard Model
of particle physics is firmly established, describing how electro-magnetic,
weak and strong forces mediate interactions between elementary particles.
High precision predictions of the the Standard Model are experimentally ver-
ified with excellent agreement. However, one central aspect of the model re-
mains unconfirmed by experiment.

The Standard Model explains the breaking of electro-weak symmetry, a
necessary step to explain particle masses, by postulating the existence of a
scalar Higgs field. As a direct consequence, a massive, but yet unobserved,
spin-0 Higgs boson must exist. The detection of the Higgs boson has been one
of the major goals of experimental high energy physics since its prediction
roughly 40 years ago.

In its current formulation, the Standard Model cannot be a final theory. It
explicitly excludes a description of gravity and is challenged by possible in-
ternal inconsistencies. Extensions have been formulated in order to resolve
these insufficiencies, where supersymmetric ones are by far the most popu-
lar. Supersymmetric models postulate a wealth of new observable particles,
among them an electrically charged Higgs boson. The feasability to detect a
charged Higgs boson at the Large Hadron Collider is the topic of the first half
of this thesis. Chapter 2 gives an introduction to the most important features of
the Standard Model, highlights some of its deficiencies and discusses possible
solutions. Section 2.2.1 focuses on the Minimal Supersymmetric Extension
to the Standard Model (MSSM), which is the theoretical basis for the studies
presented in Papers I–III.

The latest attempt to observe the Higgs boson, and possibly other yet un-
known particles, is undertaken as a common effort of the international high en-
ergy physics community. The Large Hadron Collider (LHC) is currently being
constructed at the European Organisation for Nuclear Research (CERN) near
Geneva, Switzerland. Four main experiments, placed on collision points along
the 27 km long, circular accelerator, will observe protons colliding with pro-
tons at an unprecedented centre-of-mass collision energy of 14 TeV. Among
them is the ATLAS detector for which sensitivity studies for the detection of
a charged Higgs boson are presented in Chapter 3.
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Until the LHC becomes operational, the Tevatron collider at the Fermi Na-
tional Laboratory near Chicago, USA, provides the highest collision energies
accessible in a laboratory today. The CDF and DØ experiments currently ob-
serve protons colliding with anti-protons at a 1.96 TeV centre-of-mass energy.
This high collision energy enables the production of top-quarks, which are
the heaviest fundamental particles known today. Since their first observation
10 years ago, they remain one of the least well-known particles due to the
enormous experimental difficulties of extracting top-quark events from large
backgrounds.

The precise determination of the top-quark’s properties is important for sev-
eral reasons. Firstly, the Standard Model provides precision predictions which
can be experimentally tested. If deviations are detected, they might hint at
lurking new physical phenomena. Secondly, top-quark production will be one
of the major backgrounds for searches for New Physics at the LHC. If tiny
signals of new phenomena are to be extracted, the backgrounds must be un-
derstood to high precision.

Chapter 4 introduces a measurement of the top-quark pair production cross
section, described in detail in Paper IV. Besides a brief description of the Teva-
tron collider and the DØ detector, some important aspects of current top-quark
physics are discussed. The measurement presented in Paper IV is summarised
and set in relation to related analyses in Section 4.3.

A summary and outlook is given at the end of the thesis, followed by a more
informal summary in Swedish.
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2. Theoretical Background

This chapter outlines the theoretical background in which the work presented
in this thesis is set. The general framework is provided by the so called Stan-
dard Model (SM) of particle physics and some of its key components will be
summarised briefly in the following. The SM is by now well established and
many textbooks exist, covering theoretical and phenomenological aspects in
depth, see e.g. Ref. [1, 2, 3].

In Section 2.1 the basic ingredients of the Standard Model are described.
Shortcomings of the SM are pointed out in Section 2.2 to motivate the con-
sideration of extensions to the Standard Model, such as the MSSM described
in Section 2.2.1. Specific background information concerning charged Higgs
boson and top-quark physics is treated in Section 3.2 and Section 4.2 respec-
tively.

2.1 The Standard Model
After years of struggling to integrate all experimental facts into one consis-
tent framework of theories which could explain well known and predict new
outcomes of experiments, the basis of the Standard Model of particle physics
was put forward by Glashow, Weinberg and Salam in 1967/68, thereby unify-
ing the electro-magnetic (EM) and the weak force. By the time ’t Hooft proved
the renormalisability of the Standard Model in 1971, i.e. that no divergences
would spoil its predictive power, and Gross, Wilczek and Politzer established
asymptotic freedom in QCD in 1973, it was fully elaborated.

The Standard Model describes the world as consisting of fundamental mat-
ter particles and includes three of the four known forces of Nature which are
responsible for their interactions. The gravitational force is not included in
the SM since it is very weak at distances resp. energies accessible in current
particle physics experiments. The point-like matter particles are divided into
three families of leptons (νe , e) (νµ , µ) (ντ , τ ), three families of quarks
(u , d) (c , s) (t , b), and their anti-particles. All these particles are fermions
with spin 1

2 . The three forces considered in the Standard Model are the electro-
magnetic, the weak and the strong interactions. They are mediated by gauge
bosons of spin 1.
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2.1.1 The Electro-Weak Interaction

The exchange particle of the electro-magnetic interaction is the photon γ. It
is massless, reflecting the infinite range of the electro-magnetic interaction.
The photon couples to all matter particles carrying electric charge. The weak
interaction is mediated by the charged weak gauge bosons W+ and W−, and
the neutral Z. The very small range of the weak interaction requires the gauge
bosons to be massive: the measured masses are approximately 80.2 GeV for
the W± and 91.1 GeV for the Z. All matter particles interact through the weak
interaction.

In 1957 it was discovered that the charged weak interaction is maximally
parity violating, coupling only to left-handed fermions [4]. It was found that
the charged weak currents only mediate transitions within each family of lep-
tons, coupling with the same strength to the left-handed charged leptons and
neutrinos. Also, no flavour changing neutral currents exist, excluding transi-
tions between families mediated by the Z boson. These experimental obser-
vations led to an ordering of the matter particles of the SM into multiplets of
the weak isospin I, see Table 2.1. I3 denotes its third component. The weak
hyper-charge Y is then introduced defined by Q = I3 + Y/2 such that it has
the same value for the members of a multiplet. Q denotes the electric charge.

A weak isospin of 1 is assigned to the W± bosons, allowing them to medi-
ate transitions between the left-handed up and down-type leptons by changing
the third component of the weak isospin. Since the Z does not mediate tran-
sitions between any different flavours, it is assigned a weak isospin of 0. This
way of ordering the particles expresses the invariance of the weak force under
SU(2) rotations in the weak isospin space, describing neatly all the experi-
mental facts mentioned above. For quarks, the charged weak currents can
mediate transitions between the three families but the mixing is small. This
fact is taken care of by defining the down-type quark (I3=-1/2) electro-weak
(EW) eigenstates as an admixture of the three down-type quark mass eigen-
states. The transition between these eigenstates is described by the 3×3 CKM

leptons I3 Q Y quarks I3 Q Y

doublet

 
νe

e

!
L

 
νµ

µ

!
L

 
ντ

τ

!
L

1/2

−1/2

0

−1

−1

−1

 
u

d′

!
L

 
c

s′

!
L

 
t

b′

!
L

1/2

−1/2

2/3

−1/3

1/3

1/3

singlet uR cR tR 0 2/3 4/3

singlet eR µR τR 0 −1 −2 d′R s′R b′R 0 −1/3 −2/3

Table 2.1: The electro-weak eigenstates of the matter particles and their quantum
numbers in the Standard Model.
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matrix, whose off-diagonal elements are small:


d′

s′

b′


 =




Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb




CKM




d

s

b


 (2.1)

Vij is proportional to the coupling at the quark-W±-vertex, describing the
transition from quark i to j. It should be noted that the observation of neutrino
oscillations [5, 6] suggests a similar mixing also in the lepton sector, requires
the neutrinos to have non-zero masses and calls for an extension of the current
SM.

In field theories, interactions of particles are described by postulating the in-
variance of the particles’ free Lagrangian under local transformations of one
or more internal symmetry groups. In Quantum Electro Dynamics (QED), de-
scribing the electro-magnetic interaction, the requirement that the free QED
Lagrangian should be invariant under local phase transformations can only
be fulfilled when a new gauge field is introduced. This can subsequently be
identified with the observed electro-magnetic field. Phase transformations are
represented by the group U(1) and have one free parameter, the phase trans-
formation angle. Generally, for each free parameter of a group a new gauge
field arises when requiring the local invariance of the Lagrangian under the
transformations of the group.

Of special interest for particle physics are the special unitary groups SU(n)
of dimension n. They have n2 − 1 free parameters. The non-abelian group
SU(2) describes particles which carry weak isospin. It has three free param-
eters and thus three gauge fields need to be introduced when requiring local
gauge invariance for the free Lagrangian. It was found that the electro-weak
interactions could be described when requiring the free Lagrangian to be in-
variant under the local gauge transformations of SU(2) × U(1). Four gauge
fields have to be introduced: one to compensate for the local phase transfor-
mation of the U(1) group and three more related to the transformations of
SU(2).

The introduced gauge fields cannot be identified directly with the experi-
mentally observed gauge bosons γ and W±, Z because they describe a cou-
pling of the neutrino to the photon. In addition, all three gauge fields asso-
ciated with the weak interaction would allow for transitions within one left-
handed family. These two features contradict observation. However, the gauge
bosons realised in Nature can be described by forming linear combinations of
the newly introduced fields, describing correctly the interactions observed for
the γ, Z and W± bosons.

The coupling constants associated with the SU(2) and U(1) gauge symme-
tries are denoted as g and g′ respectively. Their relation is described by the
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weak mixing angle θW :

cos θW =
g√

g2 + g′2
.

The coupling constants g and g′ are related to the electric charge by

e = g′ cos θW = g sin θW .

Mass terms, coupling left and right-handed fermion fields to one another,
are not allowed in the free Lagrangian since the different transformation prop-
erties of left and right-handed fermion fields would spoil its global invariance
under SU(2) × U(1). Also the gauge fields are still massless and introduc-
ing explicit mass terms for them would render the theory non-renormalisable.
Mass terms will be introduced by the Higgs mechanism described in Sec-
tion 2.1.3.

2.1.2 The Strong Interaction
Through the invention of the static quark model [7] it became possible to order
all the detected mesons and baryons into multiplets of quark flavour, assum-
ing that mesons are built out of two and baryons of three quarks. The observed
baryon spectrum could only be described if the baryons’ combined space and
spin-wavefunctions were assumed to be symmetric under the exchange of like
spin-1

2 quarks. This seemed to violate Pauli’s principle. To preserve this fun-
damental principle, a new quantum number, colour, was introduced and the
baryon wavefunctions are constructed from a symmetric space and spin part
and an asymmetric colour part under the exchange of like quarks. Colour ap-
pears in three states, commonly referred to as red, green and blue.

It is then postulated that all hadrons are colour singlets. Mesons are as-
sumed to consist of a quark-antiquark pair, one quark carrying colour and the
other one its anti-colour. Baryons are constructed out of three quarks, each
one carrying a different colour so the whole object is colourless. Beside these
valence quarks, hadrons further consist of gluons and so called sea quarks,
being constantly created and annihilated through vacuum polarisation.

The strong interaction does not distinguish between the three colours, it is
invariant under rotations in the three-dimensional colour space. Following the
arguments from the previous section, the strong force can be described by re-
quiring the quark’s free Lagrangian to be locally invariant under SU(3) gauge
transformations. Local gauge invariance can only be assured when introducing
32−1 = 8 new gauge fields into the QCD Lagrangian. They describe the eight
exchange bosons of the strong interaction, the gluons. They themselves carry
colour giving rise to gluon self-interactions. These are connected to two cen-
tral features of the strong interaction: asymptotic freedom and confinement.
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Figure 2.1: (a) the quark–gluon vertex, (b) the quark loop, and (c) the gluon loop
which modify the gluon propagator and hence renormalise the colour coupling.

The parameter which describes the strength of the electro-magnetic interac-
tion in perturbative QED is the fine structure constant α = e2/(4π). If α � 1
perturbative calculations are valid. Similarly, the strength of the strong inter-
action is described by αs = g2

s/(4π), where gs is the strong coupling associ-
ated with the SU(3) gauge symmetry of the strong force. In Figure 2.1 (a) the
Feynman diagram of the quark-gluon vertex is shown. Vacuum polarisations
can introduce one or more virtual quark loops in the gluon propagator (b).
When adding up all these contributions to the vertex, perturbative calculations
produce unphysically infinite results. Therefore the procedure of renormalisa-
tion has to be applied to the theory, removing these infinities but resulting in
energy depending coupling constants and masses.

Virtual charged fermion loops can also occur in the photon propagator. The
resulting energy dependence of α is normally expressed in terms of the mo-
mentum transfer Q2 or a probing distance r, where large r correspond to small
momentum transfer. It is found that α increases with increasing Q2 resp. de-
creasing r. This behaviour can be qualitatively understood: vacuum fluctu-
ations described by QED constantly create and annihilate virtual electron-
positron pairs around an electric charge. They act as an effective dielectricum,
shielding the charge from a charge sensitive probe. When decreasing the dis-
tance between the charge and the probe, fewer and fewer electron-positron
pairs lie between them, hence the shielding effect decreases.

In QCD a second effect is overlayed. The self-interactions of gluons give
rise to additional gluon loops in the gluon propagator (Figure 2.1 (c)). These
are the reason why, by summing up the contributions of the two processes, αs

is found to decrease with increasing Q2. Figure 2.2 illustrates this ’running’
of αs. Its measured value is plotted as a function of the momentum transfer
scale µ involved in the experiment.

As a function of the distance scale r involved in the process under consid-
eration, αs is given at first order by [9, ch. 1]

αs ≈ 1
b0

2π
log

(
�c

ΛCr

) . (2.2)
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Figure 2.2: Summary of the values of αs(µ) at the values of µ where they are mea-
sured. The lines show a fit to the data including the ±1σ limits on the central fit. Plot
and caption taken from Ref. [8]; for more details, see therein.

b0 is a positive function of the number of colours and active flavours in the
theory. ΛC ≈ 200 –300 MeV is a QCD parameter, describing the hadronic
energy scale. From Eq. 2.2 follows αs → 0 as r → 0, giving rise to asymp-
totic freedom [10, 11]. This describes the fact that quarks and gluons inside
hadrons behave like quasi-free particles at short distances resp. high energies.
The smallness of αs in this case allows for perturbative calculations of hard
scattering processes, such as the interaction between the partons of colliding
protons at high energies. These hard scattering processes describe for example
the production cross section of the top quark in pp̄ collisions as discussed in
Section 4.2.

On the other hand αs diverges as r → RC ≡ �c/ΛC . This behaviour in-
dicates the breakdown of perturbative calculations at this distance and sug-
gests that the strong force between quarks will increase when pulled apart.
As a result, quarks and gluons are confined in hadrons whose typical size is
of order RC ≈ 1 fm. For this reason, no free quarks are observed in High
Energy Physics experiments. Instead, quarks and gluons involved in a hard
scattering process form collimated showers of hadrons, so called particle jets,
in a process known as hadronisation. At energy scales of Q2 ≈ 1 GeV or be-
low, perturbation theory breaks down and empirical models must be employed
to simulate the hadronisation process. The two most popular models are the
string fragmentation and the cluster fragmentation, implemented in the Monte
Carlo generators PYTHIA [12] and HERWIG [13, 14] respectively.
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2.1.3 Spontaneous Symmetry Breaking
Whilst formulating the Standard Model the existence of massive weak gauge
bosons was one of the problems which was difficult to overcome. As out-
lined in the previous sections, the existence of interactions in field theories is
explained by requiring its free Lagrangian to be invariant under local transfor-
mations of one or more internal symmetry groups. This requirement, however,
forbids the introduction of mass terms for gauge fields into the Lagrangian.

The observation of massive weak gauge bosons implies that the local
SU(2)L × U(1)Y symmetry of the free electro-weak Lagrangian is not
realised in Nature, i.e. it is not a symmetry of the universe’s vacuum state.
However, the photon is observed to be massless, hence the universe’s vacuum
state should still be invariant under U(1)EM. The only known way of
accomplishing the task of breaking SU(2)L × U(1)Y down to U(1)EM while
maintaining the initial gauge invariance of the Lagrangian is by the formalism
of spontaneous symmetry breaking. A symmetry is said to be spontaneously
broken if the theory’s Lagrangian is invariant under this symmetry but its
vacuum state is not.

In the Higgs mechanism the spontaneous symmetry breaking is induced by
a fundamental scalar field with a non-vanishing vacuum expectation value.
This approach is briefly discussed in the following section. However, alterna-
tive theories exist, where the spontaneous symmetry breaking is induced in a
dynamic way by condensates of fermion fields [15, 16, 17].

The Higgs Mechanism
To integrate the observation of massive weak gauge bosons with locally gauge
invariant theories, Higgs and others employed the mechanism of spontaneous
symmetry breaking for particle physics in 1964 [18, 19, 20]. The existence
of an electro-weak doublet of complex scalar fields – one charged and one
neutral – is postulated and added to the Lagrangian of the Standard Model.
These fields interact through a potential with an assumed form as illustrated
in Figure 2.3. The key feature of this potential is that at least one of the
components of the complex Higgs fields must be non-zero for it to reach its
minimum.

To predict the physical spectrum of the theory, the Lagrangian is evaluated
in the vicinity of a specific vacuum state. In order to obtain an electrically
neutral vacuum, the one along the real axis of the neutral Higgs field is cho-
sen and all other components are set to zero. The process of selecting a certain
vacuum state breaks the initial SU(2)L×U(1)Y symmetry and the real compo-
nent of the neutral Higgs field acquires a non-vanishing vacuum expectation
value v. When expanding the Lagrangian around its vacuum state, effective
mass terms for the electro-weak gauge bosons W± and Z appear. Three of the
initially four degrees of freedom of the two complex scalar Higgs fields are
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Im Φ0

Re Φ0

v/  2

V(   )Φ

Figure 2.3: The Higgs potential as a function of two of its four degrees of freedom.

transformed into the longitudinal components of the weak gauge bosons Z,
W+ and W−. The remaining degree of freedom gives rise to a new physical
state, the Higgs boson.

In the framework of the Standard Model, the masses of the weak gauge
bosons are at tree level related by

mW =
g

2
v (2.3)

mZ =
g

2 cos θW
v =

mW

cos θW
(2.4)

to the vacuum expectation value and one another. The ρ0-parameter, defined
as

ρ0 =
mW

mZ cos θW
(2.5)

is predicted to ρSM
0 = 1 at tree level in the Standard Model, in very good agree-

ment with an observed value of ρ0 = 0.9998+0.0008
−0.0005 [8]. This result represents

one of the great achievements of the Standard Model and imposes strict limits
on possible new theories or extensions to the SM.

The vacuum expectation value of the Higgs field can accordingly be deter-
mined to

v ≈ 246 GeV. (2.6)

However, the mass of the Higgs boson (mH) remains one of the free param-
eters of the model and must be experimentally determined. Since its intro-
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duction, the search for the Higgs boson has become one of the most pressing
topics in high energy physics. To date, no Higgs boson has been observed. The
most stringent direct search limit comes from the combined LEP experiments.
They exclude a Standard Model Higgs boson with a lower bound on its mass
of mH = 114.4 GeV at the 95 % confidence level (CL) [21].

Since mH is the only parameter of the Standard Model for which no di-
rect measurement exists, a global fit of the SM to its measured electro-weak
parameters can be performed in order to give a prediction for the Higgs bo-
son’s mass. The same strategy was already successfully employed to predict
the mass of the top-quark [22] before it was observed at the Tevatron collider
in 1995 for the first time [23, 24]. In the latter fit, both the mass of the top-
quark and the mass of the Higgs boson were free parameters. However, the
predicted top-quark mass only depends logarithmically on mH and therefore
fairly precise predictions could be given, even without knowing the Higgs bo-
son’s mass.

With the top-quark’s mass now being experimentally constrained to
mt = (172.7 ± 2.9) GeV [25], the fit can be repeated in order to extract
mH. In this fit mt enters quadratically in loop corrections, making the most
probable Higgs mass highly dependent on the top-quark mass [26]. The
result of the combined fit to all relevant parameters of the Standard Model
yields a most probable Higgs boson mass of mH = 90.7 GeV with an upper
limit of mH < 186 GeV at the 95 % confidence level [27]. This limit takes
the dominant theory uncertainties into account. When including the lower
direct search limit set by the LEP experiments, the upper limit is extended
to mH < 219 GeV. The result of the fit is visualised in Figure 2.4 as the red
dotted line. The most probable top-quark mass is fitted to mt = 173.3 GeV.

Two Higgs Doublet Models (THDM)
The Higgs sector as described in the Standard Model is the simplest possible,
predicting only one physical Higgs boson. But no fundamental principle –
apart from simplicity – restricts the number of Higgs fields which can be added
to the model and in absence of any direct physical evidence for a Higgs boson,
more complicated models cannot be excluded.

An often considered extension of the Standard Model’s minimal Higgs sec-
tor is the introduction of one more Higgs doublet. It adds the minimum amount
of new parameters to the theory but at the same time extends the phenomenol-
ogy of the Higgs sector: 8 degrees of freedom (dof) are introduced by two
complex scalar Higgs doublets. Three of those are absorbed in the longitudi-
nal components of the weak gauge bosons after electro-weak symmetry break-
ing and 5 dof represent new physical states. In the case of CP conservation,
these are the CP even neutral Higgs bosons h and H (with the convention
mh≤mH ), the CP odd neutral boson A and two charged Higgs bosons H+
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Figure 2.4: The ∆χ2 distribution of the latest Standard Model fit to extract a pre-
diction for the Higgs boson’s mass [27]. The (yellow) vertical band shows the 95 %
confidence level exclusion limit on mH > 114.4 GeV. The solid ∆χ2 distribution rep-
resents the prediction using the top-quark mass measured by the combined Tevatron
experiments in Run I, mt = (178.0±4.3) GeV [28]. The surrounding (blue) band
shows the estimated theoretical uncertainty of the fit. The dotted (red) curve shows
the latest update of the fit, using the preliminary combined results for mt obtained
in Tevatron’s Run II [25]. The shift between the two ∆χ2 distributions illustrates the
strong dependence of the Higgs mass prediction on mt.

and H−, which are degenerate in mass. The number of free parameters is
raised to a total of seven [29, 30]:
• The four different masses of the Higgs bosons,
• the ratio of the vacuum expectation values of the two electro-weak doublets

of complex scalar Higgs fields, parametrised as tanβ = v2/v1,
• one Higgs mixing angle α, and
• one parameter related to triple Higgs couplings.

Any model extending the Higgs sector of the Standard Model has to fulfil
two main constraints: It is not allowed to give large contributions to the ρ0

parameter, which is measured to be very close to the Standard Model predic-
tion of unity, and it must not give rise to flavour changing neutral currents
(FCNC) at tree level, which are heavily constrained by measurements. It can
be shown [31] that in the case of a THDM the constraint on the ρ0 parameter is
automatically fulfilled at tree level. One way of fulfilling the FCNC constraint
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is to require that all fermions of a given electric charge couple to no more than
one EW Higgs doublet [32]. These are so called THDMs of Type II. Another
possibility is to require that only one Higgs doublet couples to the fermions as
in the Standard Model, which is the idea behind the Type I models [33].

2.2 Beyond the Standard Model
Although the Standard Model has been tested up to very high precision, the
origin of electro-weak symmetry breaking has still not been revealed. This is
the main motivation for experimental physicists to search for particles pre-
dicted by various alternative models. Apart from this experimental considera-
tion, the Standard Model itself has shortcomings, some of which are outlined
below.

It is widely accepted that the SM cannot be a final fundamental theory,
describing consistently all microscopic aspects of the universe. To begin
with, there is no explanation for the wide range of observed lepton and quark
masses. SU(2)L × U(1)Y invariant terms describing the coupling of fermion
fields to the Higgs field are present in the Lagrangian before spontaneous
symmetry breaking. After symmetry breaking, the fermion masses are
described by terms coupling left to right-handed fermion fields. The strength
of these couplings is parametrised by so called Yukawa coupling constants,
which are free parameters and must be determined from measurements.

Secondly, the Standard Model cannot explain why spontaneous symmetry
breaking occurs and why it does so at an energy scale of O(102 GeV). The
Planck scale of O(1019 GeV), associated to the strength of gravity, is another
fundamental scale in physics. At least at this scale, the Standard Model must
break down, since there the gravitational force can no longer be neglected.
Loop diagrams as shown in Figure 2.5 give quadratically divergent corrections
to the Higgs mass of the form [9, ch. 8]

δM2
H ∝ g2

∫ Λ d4k

(2π)4
1
k2

≈ g2Λ2. (2.7)

Figure 2.5: Radiative corrections to the Higgs boson mass (a) the quartic Higgs self-
coupling term, (b) the gauge boson loops and (c) fermion loops.
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These divergences can only be removed when a finite cut-off energy scale
Λ is introduced. At this energy scale some new physics must set in. Usu-
ally this cut-off is taken as the scale of grand unification, the GUT-scale
ΛGUT = O(1016 GeV). Here all forces are assumed to be unified and can be
described by requiring local gauge invariance under a larger symmetry group,
which is spontaneously broken down to SU(3) × SU(2) × U(1) at ∼ ΛGUT.
Why spontaneous symmetry breaking should occur at such different energy
scales is not clear and is normally referred to as the hierarchy problem, see
e.g. Ref. [9, ch. 8]. In order to keep the two scales of spontaneous symme-
try breaking so far apart, i.e. keeping the Standard Model Higgs boson light,
cancellations of divergences as in Eq. 2.7 must be ensured to an enormous
”unnatural” precision of ∼ 10−24. This is usually referred to as the finetuning
problem or the unnaturalness of the Standard Model.

Finally, measurements of the energy density in the universe reveal that or-
dinary matter, described by the SM, only contributes with roughly 4 % [34].
The remaining contributions are the so called ’dark energy’ (73 %) and ’cold
dark matter’ (23 %). Both these latter contributions are not described by the
Standard Model.

In order to tackle these problems, a variety of new theories has been pro-
posed as alternatives or extensions to the standard model. Although simpler
versions of some of these theories are ruled out by experiments, usually more
complicated representations still pass precision tests. The existence of extra
space dimensions has been suggested as a way to cure the hierarchy prob-
lem by postulating that the electro-weak and the Planck scale are really of the
same order [35, 36, 37]. In these theories the electro-weak and strong forces
are confined to our “normal” three spacial dimensions. The gravitational force
is allowed to extend also in the extra space dimensions and therefore appears
to be effectively much weaker than the other forces at distances accessible in
current experiments.

Technicolor theories accomplish the electro-weak symmetry breaking in
a dynamic way, in analogy to the phenomenon of chiral symmetry breaking
known in QCD [15,16,17]. No fundamental scalar Higgs boson exists in these
theories and the related problem of large radiative corrections to its mass dis-
appears naturally.

The latest additions to the alternative models are Little Higgs theories [38,
39, 40, 41], where the Higgs boson is a so called pseudo-Goldstone boson,
and Higgs-less theories [42] where the EW symmetry is broken by boundary
conditions in extra dimensions and no Higgs particle exists at all.

However, the most widely accepted extension is offered by supersymmet-
ric (SUSY) theories [43,44,45,46]. Supersymmetric transformations mediate
transitions between fermions and bosons. For each fermion a bosonic and for
each boson a fermionic super-partner is introduced, which has the same quan-
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tum numbers as the ordinary particle apart from its spin, which differs by one
half. These supersymmetric partners must be taken into account when calcu-
lating radiative corrections for the Higgs boson mass. Additional loops as in
Figure 2.5 exist, where the particle in the loop is replaced by its super-partner.
It turns out that these contributions exactly cancel the divergences term by
term and so no unnatural finetuning of parameters is necessary.

Apart from solving the finetuning problem, supersymmetric theories of-
fer additional features which make them especially attractive. A new sym-
metry can be introduced which leads to the conservation of the so called R-
parity, differentiating between ordinary and supersymmetric matter. As a con-
sequence the lightest supersymmetric particle (LSP) cannot decay to ordinary
matter and is stable. Cold dark matter consists of non-relativistic non-baryonic
matter and LSPs appearing in many supersymmetric theories are good candi-
dates for this [47].

Grand unification theories (GUT) require the running gauge couplings to
unify at the GUT scale. It turns out that this is not the case in the SM when
taking the measurement of sin2 θW into account [48]. This problem is resolved
if a supersymmetric particle spectrum is included in the theory with a mass
scale of O(1 TeV). In addition it turns out that the graviton – mediator of the
gravitational force – is included naturally in the model if supersymmetry is
realised locally.

However, if supersymmetry were realised as an exact symmetry of Nature,
we would observe super-partners of the ordinary particles with exactly corre-
sponding masses. Since this is not the case, supersymmetry cannot be realised
as an exact symmetry and must be broken. So as not to spoil the cancellation
of terms in the radiative corrections to the Higgs mass, the SUSY particle’s
mass spectrum must not be too heavy and of the order of 1 TeV or below.
This energy range will be tested by the Large Hadron Collider described in
Section 3.1.1.

2.2.1 The MSSM
The Minimal Supersymmetric extension to the Standard Model (MSSM) is the
supersymmetric extension to the SM with minimal new particle content [3].
The supersymmetric partners to the particles of the Standard Model are sum-
marised in Table 2.2. Ordinary fermions of the SM have spin-0 sfermions
as their super-partners. A super-partner for both the left and right-handed SM
fermions exists, still carrying the subscript L and R even though the concept of
handedness does not exist for spin-0 particles. The spin-1

2 mass eigenstates of
the super-partners associated with the electro-weak gauge bosons and Higgs
bosons are the two charginos (χ̃±

1,2) and the four neutralinos (χ̃0
1,2,3,4), where

the subscript orders them in mass. The super-partner of the gluon is the gluino
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and also the super-partner of the graviton is present.
In order to describe all the new particles and their couplings, over 100 new

parameters are introduced. Their number can be significantly reduced if a spe-
cific supersymmetry breaking mechanism is assumed. The usual approach is
to view the MSSM as an effective low-energy theory at the electro-weak scale.
Supersymmetry breaking occurs at some much higher scale within the frame-
work of a more complete theory integrating a description of gravity and is
mediated to the EW scale. Popular descriptions for this mediation are gravity-
mediated [49], gauge-mediated [50] and anomaly-mediated [51] SUSY break-
ing models. In the general MSSM Lagrangian, supersymmetry is broken ex-
plicitly by so called ’soft SUSY breaking’ terms. Here ’soft’ implies that these
terms do not lead to large radiative corrections to the Higgs and super-particle
masses, which would invalidate the reason to introduce supersymmetry in the
first place.

The Higgs sector of the MSSM is a THDM model of Type II, where this
choice is dictated by the supersymmetric structure of the theory [3]. At tree
level, the Higgs sector of the MSSM is completely determined by two param-
eters in addition to known SM parameters. These are tanβ (cf. Section 2.1.3)
and one of the masses of the Higgs bosons, conventionally chosen as mA. The
mass relations between the different Higgs particles are given at tree level by:

m2
A = m2

H± − m2
W± (2.8)

m2
H,h =

1
2

(
m2

A + m2
Z ±

√(
m2

A + m2
Z

)2 − 4m2
Zm2

A cos2 2β

)
.(2.9)

They imply the constraints mH± ≥ mW± , mH ≥ mZ, mA ≥ mh, and
most notably mh ≤ mZ. When taking higher order radiative corrections into
account, the latter constraint is extended to mh � 130 GeV, nevertheless

name spin sparticle particle

squarks 0 q̃L, q̃R, with q = u, d, s, c, b, t q

sleptons 0 �̃L, �̃R, ν̃�, with � = e, µ, τ ν�, �

neutralinos 1
2 χ̃0

1, χ̃0
2, χ̃0

3, χ̃0
4 Z, γ, h, H , A

charginos 1
2 χ̃±

1 , χ̃±
2 W+, W−, H+, H−

gluinos 1
2 g̃ g

gravitino 3
2 G̃ G

Table 2.2: The mass eigenstate sparticle spectrum of the MSSM with their associated
names and spin quantum numbers. The particle counterparts are given in the rightmost
column.
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providing a crucial and testable prediction. The dominant terms in the ra-
diative corrections to the Higgs sector of the MSSM are the top-quark and
stop masses and Xt = At + µ cot β, where At is the soft trilinear coupling
associated to the top Yukawa coupling and µ the supersymmetric Higgs mass
parameter [52].
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3. Charged Higgs Boson Studies with the
ATLAS Detector

This chapter presents background information to set the studies presented in
Papers I–III into context. All three papers address the discovery potential of
a heavy charged Higgs boson for the ATLAS detector at the Large Hadron
Collider (LHC) within the framework of the MSSM. Section 3.1 describes the
LHC and the ATLAS detector. Relevant information concerning the status of
the search for charged Higgs bosons is presented in Section 3.2.

3.1 Experimental Environment
3.1.1 The LHC
The Large Hadron Collider [53,54] is currently under construction at the Euro-
pean Organisation for Nuclear Research (CERN) near Geneva, Switzerland. It
will collide proton beams at centre-of-mass energies of 14 TeV with a design
luminosity of 1034 cm−2s−1. The LHC accelerator structures are installed in
the 27 km circumference tunnel which previously housed the Large Electron-
Positron collider (LEP) at a depth between 50 and 100 m under ground. Two
counter rotating proton beams will contain 2 835 bunches of 1011 particles
each. Roughly 1 200 superconducting dipole magnets, each providing a field
of 8.4 T, will keep the proton bunches on their circular trajectory.

Protons are produced in a duoplasmatron source, pass a chain of linear and
synchrotron accelerators and reach an energy of 450 GeV in the Super Proton
Synchrotron (SPS) before they are injected for final acceleration up to 7 TeV
into the LHC.

The LHC has four collision points housing the large experiments
ALICE [55], ATLAS [56], CMS [57] and LHCb [58]. ATLAS and CMS
are general purpose detectors, covering a very wide physics reach. The
LHCb experiment is dedicated to the study of b-quark physics. In addition to
protons, the LHC can also be used to produce collisions between beams of
lead ions. The ions will have a beam energy of roughly 3 TeV per nucleon,
yielding a total centre-of-mass energy of 1 150 TeV. ALICE is optimised
for observing these heavy ion collisions. The TOTEM [59] detector is
integrated into the CMS experiment and its primary task is to measure the
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total proton-proton (pp) cross section.

3.1.2 ATLAS Detector Overview
An overview of the ATLAS (A Toroidal Lhc ApparatuS) detector is given in
Ref. [56]. Figure 3.1 illustrates its enormous dimensions: The detector has a
radius of about 11 m and is roughly 42 m long. The overall weight amounts
to approximately 7 000 tons. ATLAS uses a right handed coordinate system,
where the z-axis is aligned with beam direction. The positive x-axis points
from the interaction point to the centre of the LHC ring and positive y-axis
points upwards. The variable r describes the radial distance from the beam
line and φ is the azimuthal angle φ = arctan y

x . The rapidity y = 1
2 ln(E+pz

E−pz
)

is a useful variable at hadron colliders where the hard interaction process
might have a considerable Lorentz-boost along the z-axis. The rapidity is
invariant under this transformation, and so are differences and sums of ra-
pidities. It is therefore convenient to describe distances between reconstructed
objects in the detector by ∆R =

√
(∆φ)2 + (∆η)2, where the pseudorapid-

ity η = − ln tan θ
2 approximates the true rapidity when particle masses are

negligible. The polar angle θ is defined by θ = arccos( z√
x2+y2+z2

).

The ATLAS detector is designed to measure the properties of particles pro-
duced in pp collisions at 14 TeV in difficult experimental conditions. The
time between two bunch crossings is only 25 ns. At the design luminosity
of 1034 cm−2s−1, one bunch crossing is expected to result in an average of
25 inelastic low transverse momentum interactions. Interesting high-pT events
will thus be overlaid with this so called ’pile-up’ of background events. To be
able to handle a rate of approximately 109 inelastic pp events per second, the
various subdetectors must have a fast response time and a fine granularity is
needed to reduce the effects of pile-up.

In order to maximise the discovery potential for all kinds of new phenom-
ena which might occur in pp collisions at multi-TeV energies, the ATLAS de-
tector provides excellent resolutions for the measurements of objects such as
electrons, muons, jets and missing transverse momentum. This performance
is achieved by combining various detector subsystems, which can be roughly
divided into four components.

The Inner Detector (ID) is 7 m long and has a radius of 115 cm, enabling
tracking up to |η| < 2.5. It is divided into a central barrel and two end-cap
regions and is placed inside a cylindrical superconducting solenoid, provid-
ing a magnetic field of 2 T. Three subsystems detect the tracks of charged
particles which are bent in the magnetic field. This enables the measurement
of the particles’ momenta and of the position of the primary interaction and
secondary decay vertices. The latter may occur due to the decay of long-lived
particles such as B-mesons or τs. Closest to the nominal interaction point,
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Figure 3.1: Schematic view of the ATLAS detector. To give an impression of its size,
tiny human figures are indicated at the bottom of the detector. The Figure is taken
from Ref. [56].

three layers of high granularity semiconductor pixel detectors are installed in
order to handle the high track density. The whole pixel detector has about 140
million readout channels. Silicon microstrip replaces the pixel technology in
the outer layers of the Semi-Conductor Tracker (SCT). The outermost detector
layer in the ID is the straw tube Transition-Radiation Tracker (TRT), consist-
ing of 4 mm diameter aluminium tubes embedded in radiator material. The
latter enables electron identification from the detection of transition-radiation
photons, created by electrons passing through the radiator. A particle traverses
typically three pixel and eight strip layers in addition to an average of 36 straw
tubes on its path through the inner detector.

The calorimetry system consists of an electro-magnetic (EM) Liquid Ar-
gon (LAr) calorimeter with fine granularity and a hadronic calorimeter with
coarser spacial resolution. The detectors are divided into a barrel part and two
end-caps, with separate cryostats for the LAr detectors. The EM calorimeter
covers the pseudorapidity region up to |η| < 3.2 and provides excellent po-
sition and momentum resolution for electrons and photons. In the |η| < 1.8
region it is preceded by a presampler detector, correcting for energy loss up-
stream of the calorimeter. The hadronic calorimeter in the barrel and the outer

21



end-cap layers consists of plastic scintillator tiles embedded in iron absorbers.
At higher pseudorapidities, the radiation hard LAr technology is also used for
hadronic calorimetry. The hadronic calorimeters cover the pseudorapidity re-
gion up to |η| < 3.2 and additional forward calorimeters provide hermetic
calorimeter coverage up to |η| < 4.9.

The muon spectrometer is instrumented with dedicated trigger and
high-precision tracking chambers. For high-precision readout, Monitored
Drift Tubes (MDTs) are arranged in three cylindrical layers around the
beam axis in the barrel and mounted in three vertical layers in the end-cap
regions. At high pseudorapidities Cathode Strip Chambers (CSCs) are used,
since they have a higher granularity. Muons originating from the interaction
region and passing through the muon spectrometer are deflected in the 3.9 T
(4.1 T) magnetic field of the large air-core barrel (end-cap) toroids. The
three muon chamber layers provide essentially full angular coverage and
their layout is optimised with respect to momentum resolution. The muon
trigger system extends up to |η| < 2.4 and is assembled from Resistive
Plate Chambers (RPCs) in the barrel and Thin Gap Chambers (TGCs) in the
end-caps. They provide a time resolution better than the LHC bunch spacing
of 25 ns which allows for the identification of individual bunch crossings.

A three level trigger system provides an online selection of interesting
events which will be permanently stored on tape at a rate of roughly 100 Hz.
The initial bunch crossing rate is 40 MHz at design luminosity, hence a re-
jection factor of 107 against low-pT , so called ’minimum-bias’, events must
be achieved. At the same time a high efficiency for interesting, possibly new
physics, events must be maintained. The first level trigger makes decisions
based on reduced granularity calorimeter and muon detector information. It
has an output rate of roughly 100 kHz. An additional rejection factor of 100
is achieved in the second trigger level, where information from the various
subdetector systems are combined for the first time. At the final event filter
level, events are fully reconstructed and the ultimate decision for rejection or
permanent storage is made.

3.2 Searches for the Charged Higgs Boson
As outlined in Section 2.2.1, the Higgs sector of the MSSM is fully defined at
tree level by only two parameters: tanβ and one of the Higgs bosons’ masses.
The decay branching fractions (B) of a charged Higgs boson in the maximal
mixing MSSM scenario are shown in Figure 3.2 for two values of tanβ as
a function of the charged Higgs boson’s mass mH± . Here the SUSY parti-
cle spectrum is assumed to be heavier than the charged Higgs boson, so that
decays into supersymmetric particles are kinematically forbidden. The term
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Figure 3.2: Decay branching fractions for the charged Higgs boson in the maximal
mixing [60] MSSM scenario as a function of mH± for tanβ = 1.5 (left) and tanβ =
30 (right). The branching fractions are calculated with the HDECAY programme [61].

’maximal mixing’ refers to an MSSM benchmark scenario, which defines a
full set of MSSM parameters affecting the Higgs sector, including higher or-
der corrections. Several benchmark scenarios have been defined, probing dif-
ferent aspects of the Higgs sector of the MSSM [60]. The maximal mixing
scenario yields the maximal mass for the light CP -even Higgs boson h as a
function of tanβ for fixed mt and SUSY scale MSUSY. It provides the most
conservative exclusion limit for the h boson from searches at LEP.

Searches for the charged Higgs boson are roughly divided into two regions,
depending on its mass. One category of searches deals with the detection of a
charged Higgs boson lighter than the top-quark, mH± < mt−mb. In this case
the charged Higgs boson may replace the W± in the top-quark’s decay, result-
ing in t → H±b. For this mass region, the charged Higgs boson decays dom-
inantly further into H± → τντ . Light charged Higgs bosons may have been
accessible at the LEP and Tevatron Run I experiments. No excess over the pre-
dictions from Standard Model processes has been found [62,63,64,65] and the
combined exclusion contour from these experiments is shown in Figure 3.3.
The CDF collaboration has updated their indirect search results recently and
limits B(t→H+b) < 0.9 at 95 % CL for 80 GeV < mH± < 160 GeV in ad-
dition to extending the excluded region in the (tanβ, mH±) MSSM plane [66].
The coupling of the charged Higgs boson to the t and b-quark is given by [3]

gH±tb =
e√

2πmW sin θW

[mt cot β(1 + γ5) + mb tanβ(1 − γ5)] . (3.1)

Figure 3.3 shows also the regions, where α(H±tb) = g2
H±tb/(4π) becomes

larger than unity (tanβ � 0.3 or tanβ � 150), and perturbative calculations

23



Figure 3.3: Summary of results in the search for an MSSM charged Higgs boson. The
95 % CL. exclusion in the (mH± ,tanβ) plane is shown for the LEP and Tevatron Run I
experiments. This plot is taken from Ref. [8], the CDF collaboration has published an
update on their Run II searches in Ref. [66].

are no longer valid.
Constraints on the charged Higgs boson can also be inferred from indirect

measurements. It contributes in THDM models through radiative corrections
to the FCNC b→sγ decay amplitude [67]. From the measured decay rates
in this channel, a limit on mH± can be deduced. The combination of results
presented by the CLEO, BELLE and ALEPH collaborations yields an indi-
rect limit on the mass of the charged Higgs boson of mH± > 316 GeV at
95 % CL [8]. However, this indirect limit is model dependent and might be
invalidated by anomalous couplings or sparticle loop corrections. It can there-
fore not replace direct searches at present and future colliders.

Both the ATLAS and CMS collaborations have presented sensitivity stud-
ies for the detection of a light charged Higgs boson at the LHC. They show
that a discovery in the H± → τντ channel is possible up to mH± � mt,
independent of tanβ [68, 69, 70].

If the charged Higgs boson’s mass is larger than the top-quark’s it is referred
to as ’heavy’. Papers I–III included in this thesis are concerned with this latter
category. As can be inferred from Figure 3.2, the dominant decay here is the
decay to the heaviest possible pair of fermions, i.e. the decay to a top and a
bottom-quark, H±→tb. However, searches for charged Higgs bosons decay-
ing in this channel are challenged by large backgrounds from tt̄ production
and QCD multijet continuum processes. The discovery potential for a charged
Higgs boson decaying in the H± → tb channel has been studied by the AT-
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LAS collaboration [71], requiring 3 b-tagged jets. For low (tanβ � 4) and
high (tanβ � 20) values of tanβ the discovery was found to be feasible af-
ter three years of data taking at high luminosity. The CMS collaboration has
presented an updated study [72], also requiring three b-tagged jets. This study
includes updated b-tagging, trigger acceptance and background estimation re-
sults and concludes that the detection of the charged Higgs boson in this decay
mode is not viable. The analysis presented in Paper I attempts to maximise the
discovery potential, following a previous theoretical analysis [73]. The idea is
to substantially suppress the SM backgrounds by requiring the detection of
four b-jets in the event. Theoretical aspects of the analysis when trying to de-
tect a fourth b-jet in the event are further discussed below in Section 3.2.1.

It turns out to be advantageous also for the high mass region to search for
the decay H± → τντ for large values of tanβ [71]. Although the branching
fraction is rather small, the background processes can be suppressed more
effectively. However, this decay mode is highly suppressed for low values of
tanβ and no detection is possible there.

The previously outlined studies do not cover the so called “intermediate”
tanβ region in the (tanβ, mH±) plane, defined by mH± > mt and roughly
4 � tanβ � 10. This is partly due to a minimum in the H±tb vertex coupling
(Eq. 3.1) at tanβ =

√
mt/mb ≈ 7. The H±tb vertex appears both in the

main production channel for heavy charged Higgs bosons and is again present
in the H±→tb decay. Papers II and III address this problematic region. The
analysis presented in Paper II drops the assumption of a SUSY spectrum much
heavier than the charged Higgs boson and allows for charged Higgs boson de-
cays to supersymmetric particles. A set of MSSM parameters is chosen which
maximises the decay branching ratio into a chargino-neutralino pair. Under
this assumption a large fraction of the previously inaccessible intermediate
tanβ region can be covered. Paper III considers a part of the MSSM param-
eter space, where the decay branching fraction of H± → W±H is large.
However, due to the large SM backgrounds a discovery of the charged Higgs
boson in this decay channel is heavily challenged.

3.2.1 Charged Higgs production at the LHC
At the LHC, charged Higgs bosons are produced predominantly in associa-
tion with a top quark in the 2 → 2 process gb → H±t or the 2 → 3 process
gg → tbH±. Both production modes describe the same underlying physical
process [74]. Figure 3.4 illustrates this connection by showing that the incom-
ing b-quark in the 2→2 process must originate from a gluon splitting at an
earlier stage. Different approximations are made when calculating the pro-
duction cross section in the two channels, and the choice of which description
to use depends on the situation at hand.
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Figure 3.4: Feynman diagram illustrating the connection between the charged Higgs
boson production process in the gb→tH± and the gg → H±tb channel. The dashed
lines indicate at which state the parton densities in the proton are evaluated respec-
tively. Figure taken from Ref. [74].

The two processes cannot be combined by simply adding them, because the
2→2 process is already contained as the collinear part in the 2→3 process.
In order to combine the two, the overlapping double counting terms must be
properly subtracted. If one is interested in the total production cross section
or kinematic properties of the top-quark or charged Higgs boson, a next-to-
leading order (NLO) calculation exists [75, 76]. The total uncertainty in the
predicted cross sections are of the order of 20 %, dominated by the uncer-
tainties due to the choice of factorisation and renormalisation scale. Super-
symmetric corrections, dominated by squark and gluino loops, depend on the
details of the SUSY model and are estimated to result in corrections also of
O(20 %).

However, the NLO calculation is not yet available in a Monte Carlo com-
puter programme and if individual events need to be simulated, either the 2→2
or the 2→3 production mode must be chosen. Recently, the double counting
term, describing the overlap between these two processes, was incorporated
in PYTHIA [74,77]. This allows for the production of events according to this
pseudo-process, which can subsequently be subtracted from the sum of events
produced using the individual gb → H±t and gg → H±tb processes. The
subtraction can be performed in any kinematic quantity of interest and allows
for a more consistent event description.

Figure 3.5 illustrates the impact of the subtraction procedure on the trans-
verse momentum (pT ) and pseudorapidity (η) distribution of the b-quark pro-
duced in association with the H±t pair. The fully corrected result differs from
both individual predictions given by the gb → H±b and gg → H±tb channels
alone. For the analysis presented in Paper I the subtraction method was not yet
available and we used the 2→3 process to model the kinematics of the addi-
tional b-quark. A minimal b-jet’s transverse momentum of pT > 20 GeV was
required. However, as can be seen from Figure 3.5, the assumed gg → H±tb
process alone describes the spectrum of the b-quark only for pb

T � 80 GeV,
where the exact boundary depends on the choice of factorisation scale [74].
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Figure 3.5: Transverse momentum (left) and pseudorapidity (right) distribution of the
b-quark which is produced in association with the top-quark and charged Higgs boson.
From both plots it is apparent that the full differential cross section differs from both
individual gb→tH± and gg→H±tb processes. Figure taken from Ref. [74].

The subtraction procedure should therefore be used for future analyses.

27





4. Top Quark Pair Production Measurement at
the DØ Detector

This chapter introduces a measurement of the top-quark pair production cross
section in the µ+jets channel, described in detail in Paper IV. The measure-
ment is performed with the DØ detector at the Tevatron proton anti-proton
collider, described in the following section. Section 4.2 gives a brief intro-
duction to top-quark physics whereas Section 4.3 summarises the analysis
presented in Paper IV and presents results obtained in related analyses.

4.1 Experimental Environment
4.1.1 The Tevatron
The Tevatron proton anti-proton (pp̄) collider [78, 79] is located at the Fermi
National Laboratory in Batavia, Illinois, USA. It will continue to provide the
world’s highest collision energies until the LHC becomes operational. The
Run I phase between 1992 and 1996 provided pp̄ collisions at a centre-of-
mass energy of 1.8 TeV.

Since 2001, the Tevatron has been accelerating protons and anti-protons in
36 bunches to respective energies of 980 GeV. They are brought to collisions
at two points along the Tevatron main ring, providing a centre-of-mass pp̄ col-
lision energy of 1.96 TeV. The collision points are surrounded by the CDF
and DØ detectors, registering pp̄ collisions occurring every 396 ns. The Teva-
tron is expected to deliver integrated luminosities of 4 fb−1 to 9 fb−1 for each
experiment until the year 2009.

Several acceleration steps are needed to reach the final beam energy. A
schematic view of the whole Tevatron accelerator chain is presented in Fig-
ure 4.1. Bunches of negatively charged hydrogen ions are accelerated in a first
step to 750 keV by a Cockroft-Walton and subsequently up to 400 MeV in a
linear accelerator (LINAC). At the end of this acceleration process, the hydro-
gen ions pass through a carbon foil, stripping off the electrons. The resulting
bare protons are accelerated by a synchrotron, the BOOSTER, to 8 GeV be-
fore they are inserted into the main injector ring. The main injector accelerates
protons to 150 GeV before they are injected into the Tevatron ring for a final
acceleration.
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Figure 4.1: Schematic view of the Tevatron accelerator complex.

A 120 GeV proton beam is extracted from the main injector and shot on
a nickel target in the target hall, producing a plethora of secondary particles.
Anti-protons are filtered out and stacked in the accumulator until a sufficient
amount is collected. They are then fed into the main injector for further accel-
eration.

4.1.2 The DØ Detector

The DØ detector is named after the Tevatron ring segment with the same
name. It is a typical general purpose high energy physics detector, enabling
studies of a wide range of physical phenomena. A comprehensive description
of the DØ experiment is given in Ref. [80]. A cross section view of the full
detector is shown in Figure 4.2 with a close-up of the inner detector presented
in Figure 4.3.

DØ uses a right handed coordinate system, where the z-axis is aligned with
the proton beam direction and the y-axis points upwards, see Figure 4.2. This
results in the x-axis pointing outwards, away from the Tevatron ring cen-
tre. Polar and azimuthal angles and the pseudorapidity η are defined in Sec-
tion 3.1.2.

The measurement of the top-quark pair production cross section, described
in this thesis, is an example of an analysis using almost all detector subsys-
tems. The various components used are briefly discussed in the following.
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Figure 4.2: Schematic cross section view of the DØ detector. A close-up of the central
tracking system is shown in Figure 4.3. Figure taken from Ref. [80].

The Tracking System

The DØ tracking system is embedded in a 2.8 m long superconducting
solenoid magnet with a radius of 60 cm. Its 2 T uniform magnetic field,
aligned with the beam axis, bends the path of charged particles traversing
through the detector. Measuring the curvature of their tracks allows for
a measurement of the particles transverse momentum pT and charge. A
close-up view of the tracking system is shown in Figure 4.3. It is divided into
two main components:
• The Silicon Microstrip Tracker (SMT) is mounted closest to the beam

pipe. Its silicon microstrip detectors provide a hit resolution of about 10 µm
and are the prerequisite for a precise reconstruction of the primary interac-
tion and secondary decay vertices. The detectors are mounted in four layers
on six barrel modules, completed by forward discs mounted in the trans-
verse plain. The SMT has a total of roughly 800 k readout channels and
allows tracking up to |η| = 3.

• The Central Fiber Tracker (CFT) fills the tracking volume between the
SMT and the solenoid magnet. It consists of approximately 77 000 scintil-
lating fibres, each with a diameter of 835 µm. The up to 2.5 m long fibres
are mounted on eight concentric support cylinders in two double layers,
providing a hit resolution of approximately 100 µm. Each cylinder hosts an
axial doublet layer and a stereo doublet layer at alternating angles of ±3◦.
The fibres emit scintillation light when they are traversed by a charged par-
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Figure 4.3: DØ’s central tracking system. Figure taken from Ref. [80].

ticle. This light is guided through the fibre and clear waveguides to Visible
Light Photon Counters (VLPCs) outside of the tracking volume, where it
is converted into electrical pulses with high quantum efficiency.

The Central (CPS) and Forward (FPS) Preshower Detectors provide a tran-
sition between tracking and calorimetry. They are mounted outside of the
solenoid on the inner shell of the calorimeter vessels and consist of a lead
absorber followed by several layers of axial and stereo scintillator strips. On
the one hand they provide additional tracking information through their good
position resolution. On the other hand they enable early calorimetry of electro-
magnetic objects already starting to shower in the material of the solenoid
magnet.

The Calorimeter
The DØ calorimeter is a liquid argon sampling calorimeter divided in three
major parts by separate cryostat vessels. The central calorimeter (CC) ex-
tends up to roughly |η| < 1 and the endcap calorimeters (EC) extend the cov-
erage on both sides up to |η| ≈ 4. The four innermost calorimeter layers are
optimised for the measurement of electro-magnetic (EM) showers. Absorber
plates in the EM layers consist of depleted uranium, making this calorimeter
section almost compensating, i.e. about the same response is expected from
hadronic and electro-magnetic objects. The EM sections are followed by fine
(FH) and coarse (CH) hadronic layers, optimised for the detection of hadronic
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showers. The EM layers cover approximately 20 radiation lengths and the total
calorimeter corresponds to 150 electro-magnetic or 8 –10 hadronic interaction
lengths.

The basic element of the calorimeter is a readout cell. It consists of a metal
absorber plate and resistive pad, separated by a gap filled with liquid argon.
Depending on the position in the calorimeter, depleted uranium, copper or
stainless steel absorber plates initiate the electro-magnetic or hadronic show-
ering of passing particles. The general size of a readout cell is 0.1 × 0.1 in
η × φ space. A finer granularity of 0.05 × 0.05 is chosen for the third EM
layer, where the maximum of electro-magnetic showers is expected.

The gap between the CC and EC vessels is instrumented with the Inter-
Cryostat Detector (ICD), consisting of ∆η ×∆φ = 0.1× 0.1 scintillator tiles
which match the cell structure of the liquid argon calorimeter. It provides ad-
ditional instrumentation for the 0.8 � |η| � 1.4 region which is interspersed
with cryostat walls, support structures and cabling.

The Muon System
Muons are minimal ionising particles and traverse the detector without much
energy loss. The muon spectrometer encapsulates the calorimeter and is di-
vided into a central |η| < 1 Wide Angle Muon Spectrometer (WAMUS) and
a 1 < |η| < 2 Forward Angle Muon Spectrometer (FAMUS) part. A toroid
magnet provides an internal 1.8 T magnetic field which bends the trajectory
of traversing muons and enables a momentum measurement.

The muon system consists of three multilayers of drift tubes, named A, B
and C-layer. The A-layer is mounted between the calorimeter vessels and the
toroid magnet. The B and C-layers are mounted outside of the toroids iron
yoke. Each layer consists of three (four for the A-layer) layers of proportional
drift tubes (PDT) or mini drift tubes (MDT) in the WAMUS (FAMUS). This
allows for a muon track segment reconstruction in the individual layers. Each
layer, with the exception of the WAMUS B-layer, is completed with scintilla-
tion counter tiles, which are used for triggering and vetoing of cosmic rays.

The muon system’s spatial hit resolution is about 1 mm. In the analysis pre-
sented in this thesis, muons are required to be matched to tracks reconstructed
in the central tracking system, taking advantage of the latter’s superior mo-
mentum resolution.

The Trigger System
The Tevatron provides pp̄ collisions at a rate of approximately 2.5 MHz. How-
ever, for technical and financial reasons, DØ’s data acquisition system can
store events only at a rate of 50 Hz. Every second, DØ’s trigger system per-
forms an online selection of 50 interesting out of the 2.5 million events, based
on physics considerations. The trigger consists of three levels:
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The first level (L1) is a hardware based system, designed to reduce the input
rate to around 10 kHz. Events are stored in a large buffer pipeline and the L1
trigger has about 4.2 µs to decide if the event should be sent further to the
second trigger level. L1 decisions are based on a combination of information
sent by the individual subdetector systems and no fully reconstructed events
are available at this level.

The second trigger level (L2) reduces the event rate further to roughly 1 kHz
and makes a trigger decision within 100 µs. At this stage information from
different subdetector systems can already be combined into physics objects
like muon, electron or jet candidates and more advanced trigger decisions can
be taken.

The final trigger stage (L3) is a software based trigger, running on a farm of
Linux PCs. Each event passing L2 is sent to one farm node for a limited event
reconstruction on which the final trigger decision is based. About 100 ms can
be spent on every event and all events passing L3 trigger conditions are stored
on tape for further offline analysis.

The Luminosity Monitor
In order to normalise physics analyses to the number of recorded events, an
accurate knowledge of the instantaneous luminosity L is required. This is es-
pecially important for analyses measuring cross sections, since the instanta-
neous luminosity is the proportionality factor relating the interaction cross
section σ to the event rate R: R = L · σ.

DØ determines the instantaneous luminosity by measuring the rate of in-
elastic pp̄ collisions with a dedicated luminosity monitor. The luminosity mon-
itor consists of two plastic scintillator detectors mounted on the inner faces of
the EC calorimeter cryostats close to the beam pipe. They cover the region
2.7 < |η| < 4.4. Inelastic pp̄ interactions are distinguished from beam halo
products passing through the detector by requiring a coincidence between the
two detectors. Measuring the time difference between hits further allows for a
first crude determination of the interaction’s z-position in the L1 trigger.

The instantaneous luminosity is then determined from the measured in-
elastic interaction rate and a measurement of the total inelastic pp̄ cross sec-
tion at Run I. The latter is scaled up to

√
s = 1.96 TeV and yields σinel =

60.7 ± 2.4 mb [81].

4.2 The Top-Quark
The top-quark is the latest addition to the quark sector of the Standard Model.
Its existence is predicted since the discovery of the b-quark in 1977 as the
latter’s weak isospin partner. From calculations based on the Standard Model
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together with the high precision measurements at LEP, accurate predictions
of the top mass could be made in the first half of the 1990’s. The mass pre-
dicted was as high as 173 GeV [82], explaining why it had not been possible
to observe the top-quark at the already existing accelerators. However, after
several years of operation of the Tevatron at

√
s = 1.8 TeV it was possible to

discover the top-quark by direct observation in 1995 [23, 24]. This discovery
confirmed once again the precise predictions obtained within the framework
of the Standard Model of particle physics.

Ten years after its discovery, the top-quark remains the least well-known
quark. Only a couple of hundred top anti-top pairs (tt̄) have been detected at
the Tevatron experiments. This low number reflects the difficulty to extract
a sufficiently clean signal from all the background processes, consisting of
the strong production of many jets, possibly in association with weak gauge
bosons W± or Z.

Studying the top-quark’s properties is among the main goals of the Tevatron
physics programme. The exact measurement of its production cross section
and decay properties provides an important test for the validity of precision
calculations within the Standard Model at high energies. The top-quark has
a mass comparable to the mass of a gold atom and weighs roughly 40 times
more than the b-quark. Why the top-quark is so much heavier than the rest of
the known fundamental fermions is not understood yet. Its high mass is par-
ticularly significant for understanding the mass generating mechanism and it
plays an important role in many theories extending the theoretical framework
of the SM. As outlined in Section 2.1.3, the exact measurement of the top-
quark’s mass is of great importance for the prediction of the Higgs boson’s
mass using electro-weak precision fits to the SM. Yet undiscovered heavy
particles may couple strongly to the top-quark. In order to search for such
particles, the invariant mass spectrum of tt̄ pairs is studied but no hints of
resonance peaks have been found so far [83, 84, 85].

The top-quark has a very short lifetime of approximately 5×10−25 s, corre-
sponding to a decay width of Γt ≈ 1.5 GeV [86]. This is roughly one order of
magnitude shorter than the time scale for strong interactions and therefore the
top-quark decays before it can hadronise or form bound states. This feature
opens the unique opportunity to study a quark in its bare state. For example its
spin state is transfered to its decay products and can be measured directly by
analysing angular distributions of the decay products [87]. Its prompt decay
allows also to study the V − A structure of the tW±b vertex predicted by the
Standard Model. The fraction of longitudinally polarised W± is predicted in
the SM to be FSM

0 = m2
t /(2m2

W + m2
t + m2

b) ≈ 0.7 [88]. This quantity can
be determined by analysing angular distributions of the t → W±b decay and
is found to be in good agreement with the prediction [89, 90].

The charge of the top-quark is +2
3e in the SM, but alternative models exist,
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Figure 4.4: Feynman diagrams for the top-quark pair production at lowest order in
the quark-fusion (left) and gluon-fusion (right) channels.

which interpret the heavy quark discovered at the Tevatron as an exotic quark
with charge −4

3e [91, 92]. These models are consistent with the electro-weak
precision measurements and assume the electro-weak isospin partner of the
b-quark to be still undiscovered at a mass of around 270 GeV. A recent direct
measurements of the top-quark charge by the DØ experiment, using an algo-
rithm to determine jet charges, excludes this alternative interpretation at the
94 % CL limit [93].

It will be possible to determine the CKM matrix element Vtb directly by
measuring the single top-quark production cross section. However, so far sin-
gle top-quark production has not been observed. Therefore, indirect mea-
surements of Vtb have been attempted and limits of |Vtb| > 0.78 [94] and
|Vtb| > 0.80 [95] at the 95 % CL are set by the CDF and DØ collaborations
respectively. These measurements assume that all top-quark decays have a
W± boson in the final state, that only three generations of fermions exist and
that the CKM matrix is unitary.

Top-quarks are among the main backgrounds for processes associated with
Physics beyond the SM and a good understanding of their production and
decay modes is needed before attempts to extract signals attributed to New
Physics can be made. This will be even more true for the next generation
experiments at the LHC.

Top-Quark Production and Decay
In hadron collisions, top-quarks are produced dominantly in pairs of a top
and an anti-top-quark through the quark and gluon-fusion processes, shown
in Figure 4.4. At the Tevatron collider, running with a proton anti-proton
collision energy of 1.96 TeV in the current Run II, the production occurs in
roughly 85 % through the qq̄ → tt̄ and 15 % through the gg → tt̄ processes.
These proportions are inverted for tt̄ production at the LHC with a proton-
proton collision energy of 14 TeV. The respective fractions are 10 % for the
quark and 90 % for the gluon fusion process.

The content of the proton in terms of quarks and gluons is described by
parton density functions (PDFs). They describe the probability to find a cer-
tain quark flavor with a momentum fraction x within the proton. The PDFs
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Figure 4.5: Parton momentum density functions for the gluon and quarks in the proton
according to the CTEQ5L parameterisation [96]. The minimal momentum fractions
needed to produce a tt̄-pair at the LHC and at the Tevatron are indicated as well.

used to simulate collision events at the Tevatron for the analysis described
in Section 4.3 (Paper IV) are shown in Figure 4.5. Under the simplify-
ing assumption that both incoming partons carry equal momentum fractions,
the minimal fraction to create a top-quark pair at the Tevatron is given by
xTevatron

min = mt/ETevatron
beam ≈ 0.18 and at the LHC by xLHC

min ≈ 0.025. These
fractions are indicated in Figure 4.5 and show that the relevant x region at the
LHC is dominated by gluons whereas the corresponding region at the Tevatron
is dominated by quarks. The quark-fusion processes are further suppressed at
the LHC, since there protons are colliding with protons. The incoming anti-
quark must therefore be a sea quark which has a suppressed impulse density
compared to the valence anti-quarks at the Tevatron.

The expected SM tt̄ pair production cross section is calculated to very
high precision at the next-to-next-to-leading-order (NNLO) level, including
the resummation of large logarithms at the NNNLL level [97]. Kidonakis
et al. quote a tt̄ production cross section at the Tevatron Run II of σtt̄ =
(6.77 ± 0.42) pb for mt = 175 GeV [97]. The quoted 6.2 % error on the
cross section is based on the uncertainty due to the choice of the kinematic
framework the calculation is performed in. The uncertainty due to the choice
of renormalisation and factorisation-scale is only ∼ 3 % at the NNLO level.
Figure 4.6 shows the tt̄ production cross section as a function of mt and the
pT spectrum of the produced top-quarks.

Cacciari et al. evaluate the uncertainty induced on the cross section predic-
tion by the choice and uncertainty on the PDFs used in the calculation. They
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Figure 4.6: Left: The tt̄ total cross sections in pp̄ collisions at
√

s = 1.96 TeV as a
function of the top-quark mass m. The solid line is the prediction of the NLO calcu-
lation. NNLO predictions evaluated using single-particle-inclusive (dashed) and pair-
invariant-mass (dot-dashed) kinematics are averaged in the dotted line. Right: The
top-quark’s pT distribution. The solid line is the NLO prediction with the uncertainty
due to the choice of scale shown as the dotted and dot-dashed line. The NNLO single-
particle-inclusive result is also shown (dashed). Both figures taken from Ref. [97].

quote for the Tevatron Run II assuming mt = 175 GeV a cross section of
σtt̄ = 6.7+0.71

−0.88 pb [98], as updated in Ref. [99]. The quoted errors represent
the minimal and maximal cross section obtained by varying the choice of PDF
and their respective parameterisations. The roughly 15 % uncertainty is dom-
inated by the poor knowledge of the gluon densities in the proton at large x
and the uncertainty in αs.

In addition to pair production, a single top-quark can be produced in as-
sociation with lighter quarks through electro-weak processes. This so called
single-top production can occur through s or t-channel processes as shown in
Figure 4.7. The combined rate at the Tevatron Run II is estimated to roughly
3 pb for mt = 175 GeV [100]. However, the signature of single-top produc-
tion is less distinctive and significantly larger background processes exist. To
date, no single-top production has been observed and only upper limits on
the cross section can be calculated. The CDF collaboration quotes an up-
per limit on the total single-top production cross section of 17.8 pb at the
95 % CL [101]. DØ published recently updated upper limits on s-channel pro-
duction of 6.4 pb and on t-channel production of 5.0 pb at the 95 % CL [102].

At LHC energies of
√

s = 14 TeV the tt̄ cross section is about two orders
of magnitude larger and estimated at NNLO to approximately σtt̄ = (870 pb
for mt = 175GeV [97]. The single-top production rates are also enhanced
by a large factor. The estimated rates for the production processes shown
in Figure 4.7 are 244 pb (a) and 10 pb (b). The W±t associated production
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Figure 4.7: Examples for leading order Feynman diagrams for single-top production
in the t-channel (a), s-channel (b), and W±t associated production (c). The latter is
completely negligible at the Tevatron. Diagrams taken from Ref. [103].

(c), which is negligible at the Tevatron, contributes at the LHC with roughly
60 pb [56].

According to the Standard Model, the top-quark decays almost exclusively
to a W± and a b-quark, t → W±b. The decay is mediated by the weak in-
teraction and the decay vertex is described by −ig

2
√

2
t̄γµ(1 − γ5)VtbbWµ. In the

SM, the branching fraction is B(t → W±b) > 0.998. As outlined in Sec-
tion 3.2, this fraction might be significantly altered in extensions to the SM,
for example if decays to charged Higgs bosons are possible.

4.3 Top pair production cross section in the topological
µ+jets channel
Paper IV describes the status of the top-quark pair production cross section
measurement in the µ+jets channel at the DØ experiment, using topological
event characteristics. It is a development of an earlier analysis [104], measur-
ing the tt̄ pair production cross section in the same channel. Paper IV describes
results obtained with an added integrated luminosity of ∼ 130 pb−1 and im-
proved reconstruction and calibration performance. A brief overview over the
main components of the analysis is given in this section.

In the SM, the top-quark decays almost exclusively into a b-quark and a
W± boson as described at the end of the previous section. Hence, the final
state of a decaying top-quark pair is fully determined by the decay modes of
the two W± bosons, reflected in the division of experimental search channels:

All jets channel: Both W± bosons decay hadronically into pairs of quarks.
Together with the two b-quarks originating directly from the tt̄ decay,
six high-pT jets are expected in the final state. The decay branching
fraction is with B(tt̄ → qq̄′q′′q̄′′′bb̄) = (46.16 ± 0.46) % [8] the largest
of all decay channels. However, this channel is challenged by large mul-
tijet backgrounds which complicates the signal extraction.
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Dilepton channels: Both W± bosons decay leptonically into an electron,
muon or tau lepton and their associated neutrino. Leptonically decaying
taus, τ → ντ eνe and τ → ντ µνµ, are included in the electron or muon
branching fractions, which results in expected branching fractions of
B(tt̄ → e+e−bb̄ + ν ′s) = (1.58 ± 0.03) %, B(tt̄ → µ+µ−bb̄ + ν ′s) =
(1.57 ± 0.03) %, and B(tt̄ → e±µ∓bb̄ + ν ′s) = (3.16 ± 0.06) % [8].
The decay branching fractions to muons compared to electrons differ
slightly due to different hadronic corrections. Hadronically decaying
tau leptons are difficult to identify and no results related to top-quark
physics have been published so far which explicitly identify them in
the final state. The dilepton decay channels offer clean signatures of
two isolated leptons and large missing transverse momentum ( 
ET ) due
to the neutrinos in the final state. Their potential is however somewhat
limited by the small branching fractions.

Lepton-plus-jets channels: One W± boson decays hadronically into a pair
of quarks, the other one decays leptonically into an electron or muon,
where decays via a tau lepton are again included. The branching frac-
tions are B(tt̄ → e±qq̄′bb̄ + ν ′s) = (17.11 ± 0.11) % and B(tt̄ →
µ±qq̄′bb̄ + ν ′s) = (17.04 ± 0.11) % [8]. The lepton-plus-jets channels
are characterised by a high-pT isolated electron or muon, large missing
transverse momentum due to the neutrino(s) and four or more jets. The
combination of a cleanly detectable lepton and large branching frac-
tions makes the lepton-plus-jets the most promising decay channel to
measure many properties of the top-quark.

The term ’topological’ in the title of Paper IV refers to the exploitation
of topological event characteristics to separate the tt̄ signal from background
events without relying on the b-tagging of jets, as discussed below. The de-
cay products of the heavy top-quarks have a considerable higher transverse
momentum compared to particles produced in background processes. Hence,
events in which a top-quark pair is created are expected to possess high en-
ergetic jets, located in the central detector region. A characteristic feature of
lepton-plus-jets events is the presence of a high momentum lepton which is
well isolated from other activity in the event. This lepton is accompanied by
a neutrino of comparable momentum which escapes detection and induces a
momentum imbalance in the plane transverse to the beam axis.

Continuum QCD multijet production by the strong interaction is the ini-
tially largest background. It is characterised by a steeply falling pT spectrum
of jets which have an angular distribution peaked at small angles with respect
to the beam. Truly isolated leptons are not present in QCD multijet events,
but can be faked due to instrumental effects. A lepton might originate from
the semileptonic decay of a heavy quark within a jet and appear isolated if the
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Figure 4.8: Examples of lowest order Feynman diagrams showing the single
W± (left), W±+1jet (middle) and W±+2jets (right) production at hadron colliders.
Diagrams extracted from Ref. [105].

embedding jet is not reconstructed, either because the energy deposition in
the calorimeter is too low or due to detector inefficiencies. In result an appar-
ent momentum imbalance in the transverse plane might be measured due to
the unreconstructed jet, the neutrino in the semileptonic heavy quark decay or
the mismeasurement of the lepton’s momentum. Hence, a QCD multijet event
might fake the signature of tt̄ signal event. However, unreconstructed jets will
still produce hits in the tracking system and deposit energy in the calorimeter.
By requiring a high momentum muon which is well isolated from any signifi-
cant activity in the tracker and the calorimeter, the QCD multijet background
can be effectively suppressed.

The main background, after a basic pre-selection has been applied, is the
production of a leptonically decaying W± boson in association with jets.
The lepton from the W± decay is expected to be truly isolated from other
hadronic activity in the detector and the neutrino leads to missing transverse
momentum, just as in tt̄ signal events. The W± boson is created through quark
anti-quark annihilation and additional jets are added by gluon radiation off
quark lines. These jets are expected to have lower pT and to be located in
the more forward regions of the detector. Examples of Feynman diagrams for
W±, W±+1jet and W±+2jets production are shown in Figure 4.8.

The differences in event topology provide a handle to statistically separate
the tt̄ signal from the backgrounds. They manifest themselves through sig-
nificantly different distributions in a number of kinematic variables for the
tt̄ signal compared to the W±+jets and QCD multijet background events. In
an optimisation procedure, a set of discriminating variables are selected and
combined through a likelihood technique into a single variable, the likelihood
discriminant. Subsequently, the likelihood discriminant distribution is deter-
mined for the tt̄ signal and all relevant background processes respectively. In a
final step a linear combination of these distributions is fitted to the distribution
observed in data, which allows for the extraction of the relative fractions of tt̄
signal and background events.

Besides the differences in event topology, another powerful discriminator
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between tt̄ signal and background events is the b-quark content. Signal tt̄
events contain two b-quarks directly originating from the top-quark decays,
which hadronise into B-mesons. These B-mesons have a large enough life-
time to propagate a typical distance of 5 mm within the detector before they
decay, forming a secondary vertex which is displaced from the primary in-
teraction vertex. These secondary vertices within jets can be reconstructed by
the DØ tracking system which leads to the so called ’b-tagging’ of jets. Back-
ground events have a much lower b-quark content, hence fewer b-tagged jets
are expected. This feature is utilised in the b-tagging analysis [106], relying
on the SM prediction of B(t → W±b) � 1. The topological analyses do
explicitly not rely on b-tagging information and are thus immune to possible
deviations in the signal’s b-quark content from the SM prediction.

The topological analyses are the foundation for many other analyses mea-
suring properties of the top-quark. They include the calibration of Monte
Carlo samples and the determination of efficiencies for the object reconstruc-
tion and identification and the trigger system. Naturally, the expected signal to
background ratio in the topological analysis is lower than in the b-tagging one.
The correct description of all the background processes, especially in the vari-
ables used as input to the discriminating likelihood, is therefore of uttermost
importance to enable the extraction of a relatively small fraction of tt̄ signal
events from the large background. Hence, extensive studies are performed to
ensure a reliable background description, comparing Monte Carlo with real
data using control samples which are depleted in tt̄ signal events.

As described in Paper IV, Section IX and Appendix D, the pT spectrum of
jets is not described well in the simulation for data taken after a shutdown in
March 2004. At the time of writing the cause of the discrepancy is not clear. A
careful scrutinisation of all aspects of the analysis is ongoing but has not yet
led to any significant results. A statistical fluctuation cannot be fully excluded
as the reason behind the deviation. The result presented in Paper IV,

σµ+jets topological

pp→tt+X
= 3.8+1.1

−1.1 (stat) +0.9
−0.8 (syst) +0.3

−0.2 (lumi) pb,

should however be regarded as preliminary until this issue is resolved. A top-
quark mass of mt = 175GeV is assumed in the analysis.

In order to decrease the statistical uncertainty on the obtained cross section,
this results is combined with the result obtained in the orthogonal e+jets decay
channel. The e+jets result is [107]

σe+jets topological

pp→tt+X
= 7.2+1.3

−1.3 (stat) +1.1
−1.0 (syst) +0.5

−0.4 (lumi) pb

and the combined results yields:

σ�+jets combined

pp→tt+X
= 5.4+0.9

−0.8 (stat) +1.0
−0.8 (syst) +0.4

−0.3 (lumi) pb.
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Figure 4.9: Summary of the latest top-quark pair production cross section measure-
ments performed by the DØ collaboration. The Standard Model prediction is overlaid
as the vertical band.

The single and combined cross sections are summarised in Figure 4.9 in the
first three rows. The result obtained in the previously published combined
cross section measurement in the topological e and µ+jets channel [104] is
shown in the fourth row. A dataset corresponding to an integrated luminosity
of ∼ 360 pb−1 is analysed for the updated result compared to ∼ 230 pb−1

used in the previously published analysis. This, in combination with updated
analysis algorithms and improved calibrations, leads to a significant reduction
both in the statistical and systematic uncertainties. The relative statistical un-
certainty decreases from 20 % to 16 % and the relative systematic uncertainty
is reduced from +24

−16 % to +19
−15 %.

The top-quark pair production cross sections measured in the dilepton [108]
and all hadronic [109] channels are also indicated in Figure 4.9 and will be
combined with the topological �+jets channel in the future. The single most
precise measurement of the top-quark pair production cross section is ob-
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Figure 4.10: Summary of the latest top-quark pair production cross section measure-
ments performed by the CDF collaboration. The Standard Model prediction is overlaid
as the vertical band. Figure taken from Ref. [111].

tained by using the b-quark content of events as an additional discriminator.
Analysing the same ∼ 360 pb−1 dataset in the e and µ+jets channel, but using
lifetime tagging of b-jets [110], results in a measured cross section of

σ�+jets vertex tag

pp→tt+X
= 8.2+0.9

−0.9 (stat) +0.9
−0.8 (syst) +0.5

−0.6 (lumi) pb.

As can be seen from Figure 4.9, all single and combined measurements are
consistent with the Standard Model prediction and with one another.

The CDF collaboration also measures the tt̄ pair production cross section in
the different decay channels, employing a variety of analysis techniques [111].
An overview over CDF’s latest results is shown in Figure 4.10, assuming a
top-quark mass of 175 GeV. They use an Artificial Neural Network (ANN)
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technique in the topological �+jets channel and yield a cross section of

σ�+jets kinematic ANN

pp→tt+X
= 6.3+0.8

−0.8 (stat) +0.9
−0.9 (syst) +0.4

−0.3 (lumi) pb.

A combination of the measurements in the various decay channels at CDF
yields

σCDF combined
pp→tt+X = 7.1 ± 0.6 (stat) ± 0.7 (syst) ± 0.4 (lumi) pb

in good agreement with the Standard Model prediction.
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5. Summary of Papers

Paper I
The feasibility of detecting a heavy charged Higgs boson, mH± > mt + mb,
decaying in the H± → tb channel is studied with the fast simulation of the
ATLAS detector. If the charged Higgs boson is produced in the gg → tbH±

mode, four b-quarks are expected in the final state. It is found that requiring
the detection of four b-tagged jets suppresses the dominant tt̄ background
significantly but does not improve the discovery potential compared to
analyses requiring the detection of only three b-jets. This study indicates
that charged Higgs bosons can be discovered at the LHC up to high masses
(mH± � 400 GeV) in the case of large tanβ.

Paper II
Charged Higgs boson production via the gb → tH± mode, followed by de-
cays into a chargino and a neutralino, H± → χ0χ±, is studied for a spe-
cific choice of MSSM parameters. In the intermediate tanβ region, where
4 � tanβ � 10, decays to Standard Model particles cannot be used for
H± discovery. It is shown that for integrated luminosities of 100 fb−1 and
300 fb−1, the charged Higgs boson can be observed in the H± → χ0χ± de-
cay channel, also covering the intermediate tanβ region.

Paper III
In a large-mass-splitting MSSM scenario, the decay branching fraction
in the channel H± → W±H can be large for intermediate regions of
6 � tanβ � 10. The discovery potential for heavy charged Higgs bosons
produced in the gb → tH± production mode and decaying via H± → W±H
is determined, using ATLAS’ fast detector simulation. We find that a charged
Higgs boson cannot be observed in this search channel due to the irreducible
tt̄+jets background.
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Paper IV
A measurement of the top-quark pair production cross section with the DØ
detector at Tevatron pp̄ collision energies of

√
s = 1.96 TeV is presented.

The analysis is based on a dataset corresponding to an integrated luminosity
of 363 pb−1. Topological event characteristics are used to separate the tt̄ sig-
nal from the dominant W+jets background in the µ+jets decay channel. A
preliminary result of

σpp→tt+X = 3.8+1.1
−1.1 (stat) +0.9

−0.8 (syst) +0.3
−0.2 (lumi) pb

is obtained, assuming a top-quark mass of mt = 175GeV.

48



6. Conclusion and Outlook

In the first part of this thesis the discovery potential for charged Higgs bosons
at the ATLAS detector is studied in three scenarios. All studies are performed
using ATLAS’s fast parametrised detector simulation ATLFAST. The focus is
on charged Higgs bosons with a mass larger than the top-quark’s mass. These
’heavy’ charged Higgs bosons are dominantly produced in association with a
top and a bottom-quark through the partly overlapping production processes
gb → tH± and gg → H±tb.

For heavy charged Higgs bosons the decay into the heaviest pair of quarks
is kinematically allowed. In the maximal mixing MSSM scenario, this
H± → tb decay dominates for all values of tanβ. Searches for the charged
Higgs boson in this decay channel are challenged by the large Standard
Model tt̄(+jets) background. If the b-quark, accompanying the charged Higgs
boson in gg → H±tb production, receives a sufficiently large transverse
momentum, it can be reconstructed as a b-jet in the ATLAS detector. The
increased b-quark content of these events might be used as an additional
discriminator against the tt̄ background. Paper I studies the increase in
sensitivity when four reconstructed b-jets are required, instead of three. No
significant improvement is found and the discovery of charged Higgs bosons
in this decay channel is determined to be possible only in the case of fairly
large tanβ � 28 for charged Higgs masses around 250 GeV.

In a large-mass-splitting MSSM scenario, the decay branching fraction
in the channel H± → W±H can be large for intermediate regions of
6 � tanβ � 10. Paper III explores the discovery potential in this decay
channel and concludes that a detection is not viable, due to the irreducible
tt̄+jets background.

Most sensitivity studies performed in the Higgs sector of the MSSM, in-
cluding the two analyses described above, assume a heavy sparticle spectrum,
implying that Higgs boson decays to supersymmetric particles are kinemati-
cally forbidden. For the study presented in Paper II this assumption is dropped.
The discovery in the H± → χ±χ0 decay channel is found to be feasible if cer-
tain assumptions are made for the underlying MSSM model. Depending on the
choice of MSSM parameters, large parts of the (mH± ,tanβ) plane might be
covered, including the region of intermediate tanβ where decays to Standard
Model particles are not detectable.
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Figure 6.1: QCD predictions for various hard scattering cross sections at the Tevatron
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in some of the cross section predictions is due to the transition from pp̄ (Tevatron) to
pp collisions (LHC). Figure taken from Ref. [112].
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In summary, it is concluded that the detection of a heavy charged Higgs
boson is challenging and requires excellent detector performance. The
H± → τντ decay channel offers the best discovery potential for the largest
part of the (mH± ,tanβ) plane in the MSSM parameter space. For values of
tanβ smaller than ∼ 10, chances for discovery are small. If supersymmetry
is realised in Nature with a favourable parameter space configuration,
charged Higgs boson decays to supersymmetric particles might offer viable
alternative search channels.

The second half of this thesis presents a measurement of the top-quark pair
production cross section with the DØ detector at Tevatron pp̄ collision ener-
gies of

√
s = 1.96 TeV. Topological event characteristics are used to sepa-

rate the tt̄ signal from the dominant W+jets background in the µ+jets decay
channel. A total of 605 events are selected from a dataset corresponding to
an integrated luminosity of 363 pb−1, based on the signature of one isolated,
high-pT muon, large missing transverse energy and three or more jets. By ap-
plying a likelihood technique, the fraction of tt̄ signal events in the selected
data sample is determined to be approximately 10 %, yielding a preliminary
result of

σµ+jets topological

pp→tt+X
= 3.8+1.1

−1.1 (stat) +0.9
−0.8 (syst) +0.3

−0.2 (lumi) pb.

A top-quark mass of mt = 175 GeV is assumed. Combining this result with
the e+jets decay channel result yields a tt̄ pair production cross section of

σtopological combined

pp→tt+X
= 5.4+0.9

−0.8 (stat) +1.0
−0.8 (syst) +0.4

−0.3 (lumi) pb

in agreement with the Standard Model prediction of approximately 7 pb. The
statistical uncertainty of the results is already now roughly the same size as
the systematic uncertainty. It will decrease further as more data is recorded.

The systematic uncertainty is currently dominated by the uncertainty on the
jet energy scale. In the current analysis a conservative approach is adopted,
where uncertainties in data and in the simulation are treated as uncorrelated.
However, many effects are in fact correlated between data and Monte Carlo
simulation and do not affect a cross section measurement. Evaluating these
correlations will decrease the jet energy scale uncertainty significantly. Most
systematic uncertainties will also profit from more collected data, either re-
ducing their statistical component or enabling better tuning of the simulation.

Uncertainties due to limited statistics will be totally negligible at the LHC.
Figure 6.1 illustrates the change in production cross section for selected pro-
cesses in the transition from Tevatron to LHC energies. The discontinuity in
some of the cross section curves is due to the change from pp̄ (Tevatron) to
pp collisions (LHC). The tt̄ production cross section increases by roughly two
orders of magnitude. At the LHC, running at a luminosity of 1033cm−2s−1,
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a top-quark pair will be produced roughly every second. An annually col-
lected dataset corresponding to an integrated luminosity of 10 fb−1 will con-
tain ∼ 8 million tt̄ events.

Measurements of the top-quark pair production cross section are expected
to yield uncertainties of 5–10 %, limited by the accuracy of the luminosity cal-
culation [56]. Ratios of the tt̄ production cross section with respect to inclusive
Z or W± production will be more accurate. The achievable resolution in the
top-quark mass is estimated to approximately 1 GeV [113]. These prospects
herald a new era of top-quark precision measurements at the ’top-factory’
LHC.
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7. Summary in Swedish

Elementarpartikelfysiken beskriver materiens minsta byggstenar – elemen-
tarpartiklarna – och de krafter som verkar mellan dessa. Idag känner vi till fyra
elementära krafter: den elektromagnetiska kraften, som binder samman elek-
tronerna med atomkärnan och styr alla kemiska processer, den svaga kraften,
som är orsaken till radioaktivt sönderfall, den starka kraften, som håller neu-
troner och protoner samman i atomkärnan samt gravitationskraften, som gör
att massor attraheras av varandra. Det finns f.n. väl utvecklade teorier, som
beskriver de elektromagnetiska, svaga och starka krafterna samt elementarpar-
tiklarna. Dessa teorier är relaterade till varandra och kallas med ett gemen-
samt namn för Standardmodellen. Gravitationskraften beskrivs av Einsteins
allmänna relativitetsteori. Hittills har man inte, trots många ansträngningar,
lyckats finna en teori som relaterar graviationen till de övriga tre krafterna i
Standardmodellen.

Enligt Standardmodellen är materien uppbyggd av tolv olika elementarpar-
tiklar, sex kvarkar och sex leptoner. All stabil materia består av elektroner,
neutroner och protoner. Tillsammans bildar de alla kemiska element i univer-
sum. Protoner och neutroner är i sin tur uppbyggda av uppkvarkar och nerk-
varkar, vilka utgör två av de sex kvarkartyperna. Elektronen är också elemen-
tär och utgör en av de sex leptonerna. De övriga elemetarpartiklarna utgör inte
stabila beståndsdelar i materien utan förekommer endast genom kvantfluktu-
ationer i kosmos. De kan skapas i högenergetiska partikelkollisioner, varefter
de dock sönderfaller inom bråkdelen av en sekund. Förutom de två nämnda
kvarkarna finns det alltså enligt Standardmodellen ytterligare 4 kvarkar, vilka
kallas charm-, sär-, botten- och toppkvarken. Förutom elektronen finns 5 an-
dra leptoner. Myoner är en tyngre partner till elektroner och förekommer till
exempel i kosmisk strålning. Tauoner är en ännu tyngre lepton, som har en
väldigt kort livstid och snabbt sönderfaller till de lättare elektronerna eller
myonerna. Elektronen, myonen och tauonen är laddade leptoner. De har alla
tre var sin partner i form av en neutral lepton kallad neutrino: elektronneuri-
non, myonneutrinon och tauneutrinon. Neutrinerna har mycket små massor i
förhållande till de laddade leptonerna.

Standardmodellens grundläggande formulering beskriver alla partiklar som
masslösa, vilket uppenbarligen inte stämmer med experimentella fakta. Från
början var det inte klart hur partiklarnas massa skulle byggas in i Standard-
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modellen utan att förstöra dess mest grundläggande symmetriprinciper. År
1962 kom den skottske fysikern Peter Higgs på en mekanism som kan förk-
lara massan genom att alla partiklar växelverkade med ett än så länge hy-
potetiskt fält, som sedan dess har kallats för Higgsfältet. Om det verkligen
är denna Higgsmekanism som utgör förklaring till hur elementarpartiklarna
får sina massor måste det också finnas en Higgspartikel. Denna partikel är den
enda i Standardmodellen som ännu inte kunnat upptäckas experimentellt, trots
intensivt letande under en längre tid vid ett flertal acceleratorlaboratorier.

I syfte att hitta Higgspartikeln samarbetar högenergifysiker från hela
världen för att bygga den mest kraftfulla partikelkollideraren någonsin. Den
har givits namnet Large Hadron Collider (LHC) och installeras i skrivande
stund under franska jurabergen på 100 m djup i en 27 km lång cirkulär
tunnel. Två protonstrålar kommer i LHC att accelereras till en energi som
är 7 000 gånger större än den energi som motsvarar protonens vilomassa.
Med hjälp av supraledande magneter kommer dessa stålar att ledas runt i
motsatta riktningar i tunneln och styras så att de kolliderar med varandra på
fyra skilda punkter. I stora bergrum belägna kring dessa fyra punkter byggs
enorma detektorer med vars hjälp man kommer att kunna studera vad som
händer när protoner i de två motriktade strålarna kolliderar med varandra.
En av detektorerna är ATLAS-detektorn. Den är 40 m lång, 20 m bred,
20 meter hög och väger över 7 000 ton. ATLAS innehåller en stor mängd
mycket avancerade partikeldetektorer för att kunna mäta och identifiera alla
de hundratals partiklar som skapas i en proton-proton-kollisionion, varav ett
miljontal kommer att registreras varje sekund.

Mycket tyder på att Higgspartikeln inte har större massa än att den kom-
mer att kunna produceras vid de energier som skapas i LHC. Att producera
och upptäcka Higgspartikeln skulle emellertid bara vara ett första steg på vä-
gen mot att uppnå en djupare förståelse av universum. Idag anser de flesta
fysiker att Standardmodellen inte kan vara en fullständig teori. Såväl teo-
retiska överväganden som mätningar av universums sammansättning tyder på
att Standardmodellen måste kompletteras. Det visar sig att vissa parametrar
som styr Higgspartikelns beteende måste vara balanserade på den oerhört pre-
cisa nivån av 1:1032 inom Standardmodellen för att den ska kunna fungera
som en fristående teori. Att naturen skulle ha uppnått en sådan finjustering
utan att det skulle finnas någon grundliggande princip bakom detta låter orim-
ligt för de flesta fysiker. Vid mätningar av universums sammansättning har
man nyligen funnit att vanlig materia utgör bara 4 % av hela universums en-
ergiinnehåll. Resten är till 23 % så kallad kall mörk materia och till 73 % så
kallad mörk energi. Idag har vi ingen hypotes för hur den mörka energin up-
pstår, men det finns utvidgningar av Standardmodellen som förutsäger exis-
tensen av nya partiklar som skulle kunna utgöra den mörka materian.

En mycket populär teori bland dessa utvidgningar av Standardmodellen är
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supersymmetri. Supersymmetriska modeller löser många teoretiska problem
på ett väldigt elegant sätt. De förutsäger existensen av många nya s.k. super-
symmetriska partiklar, som man också hoppas upptäcka vid LHC. En av dem
är den laddade Higgsbosonen, d.v.s. en Higgsboson med positiv eller negativ
elektrisk laddning. Enligt Standardmodellen existerar inte en sådan partikel.
Upptäckten av en laddad Higgspartikel skulle därför vara ett tydligt tecken på
ny fysik bortom Standardmodellen. Artiklarna I–III i avhandlingen beskriver
undersökningar av möjligheten att upptäcka den laddade Higgsbosonen med
ATLAS-detektorn. Undersökningarna har utförts genom att med hjälp av da-
torer simulera protonkollisionerna i LHC och studera hur de partiklar som
skapas registreras i ATLAS-detektorn. Det visar sig att om den laddade Higgs-
bosonen är tyngre än toppkvarken så blir det mycket svårt att detektera de yt-
terst sällsynta kollisioner i vilka laddade Higgsbosoner skapas bland de många
miljoner kollisioner som sker vid LHC varje sekund. I Artikel I rapporteras
undersökningar av huruvida man kan förbättra möjligheterna att upptäcka den
laddade Higgsbosonen genom att använda mer sofistikerade analysmetoder
än de som tidgare undersökts. Med de metoder som föreslås i Artikel I kunde
emellertid ingen väsentlig förbättring uppnås. I Artikel II rapporteras under-
sökningar av fall då den laddade Higgsbosonen sönderfaller till supersym-
metriska partiklar. Det visar sig att sådana sönderfall kan, om de förekommer,
bidra till möjligheten att upptäcka Higgsbosonen under vissa omständigheter.
En tredje studie av den laddade Higgsbosonen presenteras i Artikel III. Un-
der mycket speciella omständigheter kan en laddad Higgsboson sönderfalla
till en neutral Higgsboson plus andra partiklar. Det visade sig vara omöjligt
att detektera denna typ av sönderfall på grund av att det döljs av många bak-
grundsprocesser.

I den andra delen av avhandlingen beskrivs en mätning av toppkvarkens
produktionstvärsnitt vid Tevatron-acceleratorn, som är belägen utanför
Chicago i USA. Det är f.n. – innan LHC färdigbyggts – vid Tevatronen
som de mest högenergetiska proton-antiproton-kollisionerna kan studeras
och det var där som toppkvarken upptäcktes 1995. Toppkvarken är tyngst
av alla kvarkar och väger lika mycket som en guldatom. Fortfarande tio
år efter toppkvarkens upptäckt har endast ett hundratal enskilda toppkvark
registrerats vid Tevatronen, vilket gör toppkvarken till den minst välkända
medlemmen bland kvarkarna. På grund av att toppkvarken är den i särklass
tyngsta elementarpartikeln i Standardmodellen så är den också den mest
intressanta för studier av eventuella effekter bortom Standardmodellen.
Därför är det viktigt att kunna studera toppkvarken in i minsta detalj.

I Artikel IV beskrivs metoder för hur kollisionshändelser i vilka
toppkvarken produceras kan urskiljas bland miljardtals bakgrundshändelser i
DØ-detektorn vid Tevatronen. Det faktum att bara ett hundratal toppkvarkar
har setts återspeglar hur svårt det är att upptäcka dem. I Artikel IV
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beskrivs en mätning som med hög precision bestämmer sannolikheten
för att toppkvarken skall produceras i en proton-antiproton-kollision.
Toppkvarken är mycket instabil och sönderfaller inom 10−25 sekunder till
lättare partiklar. Detta medför att man inte kan observera toppkvarken direkt
utan endast dess sönderfallsprodukter. I olika analyser av toppkvarkens
produktionstvärsnitt letar man efter olika sönderfallsprodukter. I den analys
som beskrivs i föreliggande avhandling behandlas sönderfall i vilka en myon
skapas tillsammans med skurar av andra partiklar. Det erhållna resultatet
överensstämmer väl med Standardmodellens förutsägelser och med andra
mätningar och tyder således inte på förekomsten av några nya, hittills
oupptäckta fenomen.

Sammanfattningsvis redogör denna avhandling för forskningsresult som,
tillsammans med många andra aktuella forskningsresultat av liknande slag,
bidrar till en djupare förståelse av universums elementära krafter och partiklar.
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