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Introduction

“Reality is merely an illusion,
albeit a very persistent one.”
— Albert Einstein

The central question that drives all science is:
Why is the world the way it is ?

Particularly particle physics aims at describing the most fundamental building blocks
of our world, down to the fabric of time and space itself. The Standard Model of
elementary particle physics has proved to be a reliable and accurate description of all
known subatomic processes. Despite its success, the Standard Model cannot be the
final theory describing our world. On the one hand the Standard Model has some
shortcomings and uncomfortable aspects that we would like to see resolved in a more
advanced theory, e.g. the unification of forces, the fine tuning and hierarchy problem
or a connection between leptons and quarks. On the other hand, the Standard Model
is unable to describe gravity, nor can it explain its weakness. The Standard Model only
describes the strong and electroweak interactions of elementary particles. Therefore,
we eventually need a theory of quantum gravity that goes far beyond the validity of
the Standard Model.

Although we do not have a reliable theory of quantum gravity yet, there are many ex-
tensions beyond the Standard Model (called BSM models) which provide mechanisms




to solve some of its problems. There is hardly a model that does not require the exis-
tence of new undiscovered particles in addition to the particles already covered by the
Standard Model. Determination of the properties of these additional particles is the
best way to distinguish between the different models and to possibly exclude most of
them. In addition, already the Standard Model itself predicts a yet unobserved particle,
the Higgs boson.

Current and future experiments at particle colliders intensively search for these pre-
dicted particles and try to find evidence for them. Colliders are designed to provide
enough centre-of-mass energy to produce these particles in a reasonable number and
detectors are laid out to measure all kinds of particles as precisely as possible. This
means that, if not even the Higgs boson can be found at the Large Hadron Collider
(LHC), the Standard Model has to be modified in order to match the new results from
measurement.

Particle detectors deliver a huge amount of data that has to be analysed for evidence
for predicted phenomena. In order to provide the needed computing power, a global
batch system, called the Grid, has been developed to distribute the analysis over all
offered computing clusters, globally. Connecting all sorts of computing clusters to
form a globally uniform computing interface is still a complicated and error-prone
technology, although it is already used heavily in many kinds of scientific research.

This work covers two topics connected to the experiments at the Luc. The first part
of this work is an effort to improve the quality and usability of the Grid. Based on an
earlier development for a Job Execution Monitor (JEm), a Grid expert system (GridXP)
has been developed to classify and categorise error messages collected from grid jobs.
By supervising the status of many grid jobs, it is possible to draw conclusions about
the origin of certain job failures, which could not be determined by a single user or
with the information from a single grid site. If a certain grid job fails, the grid expert
system tries to find an explanation for this failure. In some cases, even a solution can
be given to fix the error so that it does not have to occur again.

The second part studies different extensions of the standard model. A new model for
the event generator HERwWiG++ has been developed which adds an additional heavy
particle to the Standard Model that decays into a top- and an anti-top (¢, t) quark.
Therefore, this particle is called a tt resonance. As a special feature, this model
respects the interference of all implemented Feynman diagrams. This includes dia-
grams for Standard Model tt production as well as tt pairs from decaying resonances.
Depending on the properties of the resonance, the tt invariant mass distribution is
altered characteristically compared to the pure Standard Model tt production. For
some models the interference has notable influence on tt events. This study compares
some BSM models and the effect of interferences on the invariant mass distribution.




Chapter 2| of this work gives a short outline of theoretical aspects of the Standard
Model and some extensions introducing new heavy particles that could decay into top
quark pairs. Features of proton-proton interactions and their description by event gen-
erators for high energy particle collisions are described in chapter[3] The subsequent
chapter [4] describes the design of the ArLas detector at the LHC as a typical general
purpose detector for high energy particle collisions.

Short descriptions of the Job Execution Monitor and the grid expert system, which was
developed as part of this work, are presented in chapter The outline and methods
for the study of models of tt resonances is shown in chapter@ Finally, this is followed
by the results of the study on tt resonances respecting their interferences with QCD
tt production in chapter[7}

As mentioned before, this work consists of two main parts. As a result, there is no com-
mon conclusion about both parts. Instead, Chapters [5|and |7| contain their respective
conclusions as separate sections.







Theoretical Foundations of
Elementary Particle Physics

“If I could explain it to the average person,
I wouldn’t have been worth the Nobel Prize.”
— Richard Phillips Feynman

In the 20™ century, great success has been achieved in describing the interactions of el-
ementary particles. The description of these processes has condensed into a commonly
accepted theoretical model that is called the Standard Model of elementary particle
physics. This chapter summarises the key elements of the Standard Model (SM). In a
second part, special emphasis is put on the production and decay of top quark pairs, as
described not only by the Standard Model but also by some of its extensions, including
yet undiscovered resonances predicted by these extensions.

2.1 The Standard Model of Elementary Particle Physics

The Standard Model of elementary particle physics describes the currently known ele-
mentary particles and their interactions. The interactions of elementary particles are
described by two fundamental forces that dominate the microscopic world. These are
the strong and the electroweak interaction. Although there is a third fundamental
interaction, gravity, there is yet no satisfying theory to describe it on a quantum level.




2.1. The Standard Model of Elementary Particle Physics

The Standard Model is a quantum field theory based on the local gauge symmetry

group
SU(3)c x SU(2), x U(1)y

that can be decomposed into the SU(3) colour symmetry for the strong interaction
and the SU(2), x U(1)y symmetry for the electroweak interaction. The theory of
the strong interaction is called Quantum Chromodynamics (QCD). The electroweak
symmetry is spontaneously broken down to a residual U(1),,, symmetry for the elec-
tromagnetic force, which emerges from a mixture of the original symmetry groups
and cannot be identified with the original U(1)y of weak hypercharge. The quantum
theory of electromagnetism is called Quantum Electrodynamics (QED). Therefore, the
weak and electromagnetic force are often treated as two independent interactions,
which is not exactly true, because there is no consistent quantum theory of the weak
interaction alone. A pure SU(2), symmetry is not able to describe the different cou-
plings of neutral and charged weak currents to fermions.

The Standard Model describes the interactions of 12 elementary fermions, which are
shown in figure [2.1] Their masses are listed in table[2.1] Fermions are responsible for
the stability of all observable matter. They can only be created or annihilated with their
corresponding anti-fermions, resulting in a conservation of the total fermion number,
which is even valid for some sub-sorts of fermions separately like baryons and leptons.
Additionally, as particles with half-integer spins, fermions obey Fermi-Dirac statistics
and thus the Pauli exclusion principle, i.e. two fermions cannot occupy the same
quantum state. Therefore, matter containing a number of fermions is forced to occupy
a minimum amount of space.

Fermions can be divided into quarks and leptons. Additionally, fermions can be ar-
ranged in three generations of equal quantum numbers. Each generation consists of
two quarks, a charged lepton and its respective neutrino. Quarks take part in the
strong interaction whereas leptons do not. Interactions of particles are determined
by their quantum numbers summarised in table Colour charge makes a particle
responsive to the strong interaction whereas the weak isospin T lets the particle take
part in the weak interaction. The 3-component of the isospin distinguishes between
up- and down-type quarks or charged leptons and neutrinos respectively. The weak
hypercharge Y is introduced to give all fermions their observed electrical charge Q
in units of the elementary electrical charge e according to the Gell-Mann-Nishijima
formula [[T} 2} [3]]
Q= (Ts+Y)e.

Fermions occur in two chirality states which are labelled as their left- and right-handed
components. Only right-handed neutrinos are special because they take part neither




2.1. The Standard Model of Elementary Particle Physics

il .

Figure 2.1: Fermions of the Standard Model and their interactions. Each of the three
generations contains a neutrino, a charged lepton and two quarks in three colours.
Every fermion occurs with its left- and right-handed spin component. Neutrinos are
the only exception as right-handed neutrinos have not been observed.

in the strong nor in the electroweak interaction. In fact, right-handed neutrinos have
never been observed in experiment, yet.

By construction, the Standard Model considers neutrinos as being massless. Neverthe-
less, measurements of solar and atmospheric neutrino fluxes [J6} [7] clearly indicate
neutrino oscillations which are only possible if neutrinos have a non-vanishing rest
mass. In this case, neutrinos can be Dirac or Majorana particles or a mixture of both.
If they are (at least partially) Dirac particles, they have a right-handed component
which has to be much heavier than the left-handed one and/or does not interact with
other Standard Model particles. A light right-handed neutrino would occur in decays
of the Z° boson and experiments would observe a larger decay width. If neutrinos
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quark mass [Mev/:2] lepton mass [Mev/:2]
down d 41-5.8 electron e 0.510998910(13)
up u 1.7-3.3 e-neutrino v, <2-107°(95% CL)
strange s 101*% muon u” 105.658367(4)
charm c 1270f;8 y-neutrino v, < 0.19 (90% CL)
bottom/beauty b 4190%}5° tauon T 1776.82+£0.16
top/truth t 1733001100 T-neutrino v, <18.2 (95% CL)

Table 2.1: Fermions of the Standard Model and their masses. The u-, d-, and s-quark masses
are estimates of so-called current-quark masses, in a mass-independent subtraction
scheme such as MS at a scale u~ 2 GeV. The c- and b-quark masses are the running
masses in the MS scheme [4]. The top quark mass is taken from direct measurement
at the Tevatron [5]. Only upper limits can be given for neutrino masses. Their
masses could not be determined in direct measurement, yet.

are pure Majorana particles, they are their own anti-particles and do not have a right-
handed component. As neutrinos are the lightest type of fermions, their rest mass can
be ignored in high energy collider experiments without any negative effects.

Interactions between fermions are transmitted by gauge bosons. Their properties are
determined by the underlying symmetry group of the interaction. The strong interac-
tion is mediated by 8 gluons, whereas the carriers of the electroweak force are the
Photon y, the Z° and the W* bosons. Their quantum numbers are summarised in
table Additionally, there is the Higgs boson, responsible for giving all particles
their respective rest masses. This particle is necessary in electroweak symmetry break-
ing by the Higgs mechanism [8]]. In theories of quantised gravity, the graviton is the
hypothetical particle needed to transmit the gravitational force.




spin electrical colour rep- weak weak hyper-

particle [A] charge [e] resentation isospin T, charge Y
u c t L 2/3 /2 .
(i), () o) o= 0w ()
UgR CR tR 1/2 2/3 [3] 0 2/3
dg Sr bgr 1/3 —1/3 [3] 0 —1/3
v, v v, 0 /2
( e )L ( “‘i )L ( T )L is -1 ) ( —1/2 ) i
er Ug TR 1/3 -1 [1] 0 -1

Table 2.2: Fermions of the Standard Model and their quantum numbers. Left- and right-handed spin components are
treated separately to account for the SU(2), symmetry of the weak interaction.

. mass spin electrical - weak .
particle [Gev/c2] [ph] charge [e] rce?sl:rlllt;ieopn isospin Ty V\:;krgge '
Gluon (g) 0 1 0 (8] 0 0
Photon (y) 0 1 0 [1] 0 0
Z0 91.1876(21) 1 0 [1] 0 0
w* 80.399(23) 1 +1 [1] +1 0
Higgs (h) > 114.4 (95 %CL) 0 0 [1] —1/ 1/
Graviton (G) 0 2 0 [1] 0 0

Table 2.3: Bosons of the Standard Model and their quantum numbers [4]. The Higgs boson and the graviton are still
hypothetical particles, because there is no evidence for their existence, yet.
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2.1. The Standard Model of Elementary Particle Physics

2.1.1 Quantum Chromodynamics

The theory of Quantum Chromodynamics describes the strong interaction of quarks.
Every quark occurs in three colour charges [[9, [I0, [11]], labelled red, green and blue.
The force is transmitted via 8 gluons, that carry a colour charge and a colour anti-
charge [[12]]. Thus, they change the colour charge of quarks. Its theoretical description
is based on the local gauge group SU(3)¢ [13].

The only free parameters of QCD are the quark masses my, the strong coupling param-
eter a, and a phase factor for violating the CP symmetry, which has been determined
in experiment to be < 1071° [4]]. Thus, QCD seems to be fixed completely by setting
these values.

Renormalisation group equations induce a variation of a; at different energy scales Q
according to the differential equation [14]]

Q* 9a,(Q) > o\ 2
n o :ﬁ(as):_;ﬁ"(ﬁr) ’

where the first coefficients of the Taylor expansion of the § function
11C, —2n 2
j= o gy 2,
3 3

38
B, = % (17C3 — 5Can; — 3Cen; ) =102 — 5

— WIN

By = = [285762 + (54C? — 615C:C, — 1415C3)n; + (66C + 79cA)n§]
2857 5033 325

T T Tqg M

2 18
(9758 e 1078361 6508
37 162 57 S ) me

50065 6472 5, 1093 ,
ng +

2
—n
54 f

2 L 2 s
162 T a1 o® 729 f

can be determined from renormalisation and group theory. Characteristic values for
SU(3) have been inserted for the Casimir factors C, = 3 and Cr = 4/3. n; is the number
of relevant flavours of fermions and {(3) is the Riemann Zeta function {(x) at x = 3.
The form of f3; given above is specific to SU(3).

10



2.1. The Standard Model of Elementary Particle Physics

In next-to-leading order, i.e. up to f3;, the solution of this differential equation can be

expressed as
In (ln ( 32 ))
4 A
0@=—7r— |1- %—Q“’ :
Q? Q?
() [ m(E)

where Aqcp occurs as an integration constant, representing the energy which a; di-
verges at. Its numerical value depends on the order of perturbation theory and the
so called renormalisation scheme and is about Aqcp &~ 200MeV for the MS scheme.
With this quantity matched to measured data, figure shows the running coupling
parameter a as a function of momentum transfer Q.

0.5
Q) _ _
aa Deep Inelastic Scattering
04| oe ¢'¢” Annihilation i
o Hadron Collisions
B.
03}
0.2}
0.1}
=QCD os(Mz)=0.1189%0.0010
1 10 100
Q [GeV]

Figure 2.2: Running coupling parameter as(Q) as a function of the energy scale Q from [15].
Open symbols show analyses using (resummed) next-to-leading order (NLO) pertur-
bation theory calculations, filled symbols analyses using next-to-next-to-leading order
(NNLO) calculations. The curves indicate QCD predictions for the combined world

average value of ag(Myo).

This behaviour of the coupling parameter leads to two characteristic properties of
QCD. In the high energy or large momentum transfer region, the coupling gets small,
so that QCD processes may be calculated perturbatively by Taylor expansion. In this

11



2.1. The Standard Model of Elementary Particle Physics

case, quarks behave more and more like free particles. Interactions between them get
weaker and weaker. This property is called asymptotic freedom, i.e. at infinite energy,
quarks behave as free, non-interacting particles.

At small momentum transfer, the QCD coupling parameter gets large, so that perturba-
tion theory is not applicable at low energy. On the other hand, this region is accessible
with calculations on a spacetime lattice. QCD interactions get so strong that quarks
are inescapably coupled to each other to form mesons and baryons, i.e. quarks cannot
occur as free particles but only as a quark-antiquark pair or a couple of three quarks.
This property of QCD is called confinement. A strong confirmation of QCD recently
was achieved by successfully calculating hadron masses with a QCD prescription on
a space-time lattice [[16]]. This effort confirms QCD as an accurate description of the
strong interaction.

2.1.2 The electroweak Interaction

The electroweak interaction is described by the Glashow-Salam-Weinberg model [[17,
18] [19]. It is based on a local SU(2), x U(1)y gauge symmetry that is broken down to
the U(1)qep symmetry of quantum electrodynamics (QED) via the Higgs mechanism.

This complicated symmetry group is needed because the weak interaction treats left-
and right-handed fields differently, but charged currents do not distinguish between
up- and down type (electron- and neutrino type) fermions. These properties can be ex-
plained with the SU(2), symmetry, which leads to three vector bosons W, , ; coupling
to left-handed fermions. The additional U(1)y symmetry introduces a new coupling
parameter g’ and a fourth vector boson B.

None of these boson fields can be identified with observable particles because electro-
magnetic and weak neutral currents also couple to right-handed fermions. The cou-
pling strength of the photon is not equal to the coupling parameters of either gauge
group, but can be identified with the electrical charge. Additionally, none of the fields
are eigenstates of mass and the electrical charge operator Q.

The four observable electroweak gauge bosons originate non-trivially from the gauge
fields W, , 5 of the SU(2), symmetry group and the field B of the U(1)y group. The W*,
Z° bosons and the photon A emerge as charge and mass eigenstates of the fundamental

12
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fields:
W= 2 (W, Fi-W,)
= — 1-
\/E 1 2
AN costy  sindy B
7% ] 7\ —sind®y cosdy W,
“Jerel e 5 )(w)
g2+ g/2 -8 & W,
At this point, the Weinberg mixing angle  is introduced still as a free parameter.

The last equality only emerges after symmetry breaking by identifying the Z° and the
photon as mass eigenstates of the electroweak gauge fields.

The photon interaction is constrained by the electrical elementary charge. The electro-
magnetic coupling parameter is introduced to be

/7

88

which turns out to be e = g sint, after symmetry breaking.

e =

The missing feature is a lack of any massive particle. In the Standard Model, a solution
to this issue is achieved by the Higgs mechanism.

2.1.3 The Higgs Mechanism

The Higgs mechanism [[8] is a method to give all massive particles their masses. The ad
hoc way to introduce fermion masses for a particle ¢ with mass m via the expression

m*oG =m’ (o ok + Pro!)
is not allowed because it is not invariant under local SU(2), gauge transformations.

Only left-handed components are being transformed and right-handed components
remain unchanged.

Nevertheless, particles can be given masses by introducing two additional complex
scalar fields that form a doublet concerning the weak isospin, called the Higgs field

[ &, +id,
<1>_( oy + i, ) 2.1)

With the Higgs field the electroweak SU(2), x U(1)y symmetry can be broken down
to the remnant U(1),,,, symmetry of quantum electrodynamics.

13



2.1. The Standard Model of Elementary Particle Physics

Figure 2.3: 2-dimensional representation of the Higgs potential. Only two components
of the Higgs field (equation have been drawn. The picture shows the Higgs
potential for &3 =&, =0.

The potential of the Higgs field is introduced as
V(®) = u2d*d + A(d*®)?,

where the parameter A can be interpreted as the strength of the Higgs self-coupling.

By defining the parameter u? to be negative, the Higgs potential takes on a form
equivalent to the potential shown in figure [2.3] giving the Higgs field a non-vanishing

vacuum expectation value
2
U™ def
®|) =4/ —-——=v>0.
(el = 4 o=

14



2.1. The Standard Model of Elementary Particle Physics

A field in a potential like this does not have a single ground state but a continuum of
equivalent ground states, connected by suitable gauge transformations. Implications
of this kind of potential can be most conveniently calculated in unitary gauge by ex-
panding the Higgs field around its vacuum expectation value ® = (0,v +h(x))". The
spacetime dependence is contained in h(x).

With this special choice of parametrisation, three degrees of freedom are transferred
from the Higgs doublet to the weak gauge bosons. A mass expression emerges for
the W* and Z° bosons and accordingly they acquire a longitudinal wave function
component. The Higgs field h only keeps one degree of freedom which appears to be
a neutral scalar boson.

By diagonalising the weak boson mass matrix, it is possible to express the masses of
the electroweak gauge bosons in terms of the Higgs field vacuum expectation value v
and the two electroweak coupling constants g and g’ as

1
My+ = =V
w* D) 4

1
myo = EV\/ g2 +g?.

At the same time the photon turns out to stay massless. The Higgs boson gets a mass
of my = v+/8A. Its numerical value is unknown, because the Higgs self-coupling
parameter A can assume an arbitrary value. In fact, the easiest way to determine the
parameter A is by measuring the Higgs boson mass.

Fermion masses are introduced by coupling them to the Higgs boson. This is done
by A;U, ®Ug for the up-type fermion fields U and by A;D, €®Dg for the down-type
fermion fields D. Here, A, is a free coupling parameter for the respective fermion to
the Higgs boson and e is the totally antisymmetric tensor in two dimensions. This
results in fermion mass terms of the form m; = %vk ¢ Thus, fermion masses are not
fixed by theory but only translated into coupling parameters to the Higgs field.

By measuring the W* and Z° masses, the electroweak mixing angle can be determined

72
to be sin® ¥, = g,f+7 =0.23108(5) [[4]]. The Higgs vacuum expectation value can be

evaluated from measuring the weak Fermi constant

2 2
Gy = (hc)3%E (mi) - (hc)“g (%) — 1.166364(5) - 10”5

w

GeV?

to be v =246 Gev/2,

15



2.1. The Standard Model of Elementary Particle Physics

2.1.4 Diagonalising the Mass Matrices

After electroweak symmetry breaking via the Higgs mechanism all particles have ac-
quired their respective masses. Still the three generations of particles remain unrelated
as there is no interaction between particles of different generations. The following con-
siderations are expressed for quarks, but are valid for leptons as well.

The nine orthonormal fields of the left- and right-handed up-type fermions U;; and
U, r as well as the right-handed down-type fields D, may be chosen arbitrarily. The
index i = 1,2,3 denotes the generation of the respective field. The remaining fields
are then fixed by the lowering operators of the su(2), and su(3)c algebras. This
leaves the complete Standard Model Lagrangian density with a U(3)® symmetry for
the quarks. This symmetry can be used to choose appropriate fermion fields, that are

mass eigenstates and interaction eigenstates at the same time.

The Higgs field couples differently to up-type and down-type fermions. Thus, there
are two 3 x 3 complex mass matrices M and M’, one for the up-type and one for the
down-type quarks. Each of them can be diagonalised by two unitary matrices UMV
and U'M'V"".

But the U(3)® symmetry allows of choosing only three matrices, i.e. there have to
be three types of quarks for which the interaction eigenstates cannot be identified
with their mass eigenstates. This discrepancy usually is focused on the left-handed
down-type fermions, where the Cabibbo-Kobayashi-Maskawa (CKM) matrix [20, 21]]
parametrises the composition of interaction eigenstates d’, s’, b’ from mass eigenstates
d, s, bvia

d’ Via Ve Vi d

s’ = Vaa Vs Vip s

b )\ Ve Ve b ).
Vexm

It is possible to formulate the Standard Model Lagrangian density in terms of mass
eigenstates. In this case, the CKM matrix is transferred to the couplings to the W*
bosons. This shows that only W* bosons are able to mediate a change in particle
flavour, i.e. they are the only bosons which couple to different types of fermions at

the same time. A squared matrix element |V, j|2 is proportional to the probability of a
flavour change from quark type i to j. A remarkable feature of the Standard Model
is the complete suppression of flavour changing neutral currents (FCNCs), because the
CKM matrix turns out to cancel when coupling a quark and an antiquark of same
flavour.
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With the evidence for neutrino oscillations, neutrinos also have to be given masses,
which implies a flavour mixing matrix for leptons, called the Maki-Nakagawa-Sakata-
Pontecorvo (MNSP) matrix [22] [23]]. Measured values of most matrix elements still
contain large errors. Both matrices can be parametrised by three mixing angles and
one CP violating complex phase parameter. In case neutrinos have a Majorana compo-
nent, the MNSP matrix contains two additional CP violating phases. The two mixing
matrices still are subject to current investigation.

2.1.5 Unresolved Aspects of the Standard Model

The Standard Model is able to consistently describe elementary particle physics with a
remarkable amount of precision. Some of its greatest achievements are the prediction
of the bottom and top quarks, the T-neutrino and the W* and Z° bosons. Nevertheless,
there are some shortcomings arising, that cannot be explained by the Standard Model.
Some examples follow.

* The Standard Model does not describe gravity. A satisfying description of gravity,
that is consistent with the Standard Model, has not been achieved, yet. The
most accurate formulation is the theory of general relativity, which is based on a
classical picture of spacetime. Quantisation of gravity leads to severe theoretical
problems that make it impossible to calculate predictions, which can be tested
in experiment.

* Arelated issue is the hierarchy problem. Gravity is about 44 orders of magnitude
weaker then the electromagnetic force, when comparing forces between two
protons. For this reason, gravity is ignored in most calculations. Effects of
gravity only become important at the Planck scale at energies of about 10'° GeV.

* The finetuning problem also relates to a large difference in scales. Loop diagrams
from higher order perturbation theory induce large corrections to the Higgs
mass

2

|Af| 2

82 SM >

2
Amy =

where Agy, is the scale to which the Standard Model is valid. These loop correc-
tions are quadratically divergent. If Ag)y is taken to be the Planck scale, the bare
Higgs mass has to be adjusted up to 16 digits in order to retain a physical Higgs
mass of the order of ~100 Gev/c2,

e The symmetry between quarks and leptons is not explained by the Standard
Model. Both kinds of fermions occur in three generations with a pair of par-
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2.2. Production and Decay of Top Quark Pairs

ticles each. Additionally, the electrical charge of each generation adds up to
zero, when counting all quarks with their three states of colour.

* Also the origin of the Higgs mechanism is left unexplained by the Standard Model.
The Higgs boson is the only scalar particle in the Standard Model. The choice of
one Higgs doublet seems to be arbitrary.

* The coupling of the Higgs boson to fermions is proportional to the respective
fermion mass. The top quark mass is given in terms of the Higgs boson vacuum

expectation value
m, =

.)"t:

~1

(sl

~ 175Gev/c2

where the coupling constant A, ~ 1. This special value may indicate a close
connection between the top quark and the Higgs boson.

Many extensions of the Standard Model address these topics, often with the necessity
of introducing new heavy particles, which are potential candidates for tt resonances.

2.2 Production and Decay of Top Quark Pairs

The top quark was discovered in 1995 at the Fermilab by the Cpr and D@ exper-
iments [24} [25]. With a mass of m, = 173.3G¢/c2 the top quark is the heaviest
elementary particle, currently known. It has a lifetime of T, S 5-1072°s. This
makes it the only quark that decays before it can be captured in hadrons by the strong
force, because the typical timescale of QCD interactions is #/aqcp & 1072*s. The
decay of top quarks is determined by the CKM matrix elements |V[b| = 0.88 £0.07,
IVm = (38.7+£2.1)-107% and V,; = (8.4 £ 0.6) - 10~ [4]], where all values where
obtained from measurements under the assumption of three generations of fermions.
The first element completely dominates the top quark decay whereas the other ones
are small. Therefore, a top quark decays almost exclusively into a bottom quark by
emitting a W* boson.

As heaviest elementary particle, the top quark has a privileged role in probing the
Standard Model Higgs boson as well as physics beyond the Standard Model. With
a mass close to the scale of electroweak symmetry breaking, this property inspired
many alternative or extended models for electroweak symmetry breaking and mass
generation, e.g. Little Higgs [26, 27], Topcolour [128} [29] [30] or top-seesaw [31}, 32}
33]. Some models predict the existence of additional gauge bosons with enhanced
couplings to the third generation of quarks. Some of these models include excitations
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2.2. Production and Decay of Top Quark Pairs

of electroweak [34] or strong [135} (36} [37, [38] 39, [40, 4T} [42]] gauge bosons coupling
to top quarks.

2.2.1 Top Quark Pair Production

Pairs of top and antitop quarks (tt) can be produced via Standard Model QCD pro-
cesses. Leading order contributions are shown in figure tt pairs can be produced
by quark-antiquark annihilation or by gluon scattering. The latter one is possible via
three different production mechanisms, called the s-, t- and u-channels, whereas the
former one can only be possible via the s-channel. These processes do not include
a heavy tt resonance. Therefore, the centre-of-mass energy of the top quark pair is
distributed continuously.

q t g t
g
g
q t g T
g t g t
g T g T

Figure 2.4: Standard Model tt production. Top quark pairs can either be produced in
quark-antiquark annihilation (top left) or via gluon scattering. For gluon scattering,
there is one Feynman diagram for the s-, t- and u-channel whereas qq annihilation
is only possible in the s-channel.

Resonant production of tt pairs requires the existence of an undiscovered particle.
Candidates for tt resonances are any kind of neutral bosons that are heavier than twice
the top quark mass. Undetermined quantum numbers are spin, colour charge, and
coupling strengths to left- and right-handed components of fermions. Couplings are
related to the parity and ys-parity of a resonance. These quantum numbers determine
the effect of a parity transformation on a wave function, i.e. how a wave function
behaves after a reflection of coordinates.
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2.2. Production and Decay of Top Quark Pairs

As no such resonance is known to exist yet, it makes sense to look for resonances with
any possible combination of these quantum numbers. Table shows some of these
combinations along with some examples of theories predicting these resonances.

spin colour .
[I;ﬂ represen- parities type example
tation (Lys)
0 [1] (1,0) scalar colour singlet SM, MSSM, 2HDM
0 [1] 0,1 pseudoscalar colour singlet ~ MSSM, 2HDM
0 [8] (1,0) scalar colour octet techni-°
0 [8] 0,1 pseudoscalar colour octet techni-7°
1 [1] (SM,SM)  excitation of Z° sequential Z’
1 [1] (1,0) vector colour singlet
1 [1] 0,1 axial vector colour singlet
left-handed vector
1 [1] (LD colour singlet
right-handed vector
1 [1] 1D colour singlet
1 (8] (1,0) vector colour octet coloron, KK gluon
1 [8] 0,1) axial vector colour octet axigluon
2 [1] - tensor colour singlet KK graviton

Table 2.4: Some possible combinations of quantum numbers for tt resonances [43]. Most
combinations are predicted by some extensions of the Standard Model. Some types
of resonances occur in more than one model.

Standard Model Higgs Boson Production

The Standard Model Higgs boson may be a tt resonance if the Higgs boson mass
is greater than twice the top quark mass m, > 2m,. Earlier measurements at the
Large Electron-Positron Collider (LEp) already exclude the low mass region up to
my, < 114.46¢V/c2 [[44]]. Recent results from the two experiments D@ and Cpr at the
Tevatron collider additionally exclude a Higgs boson mass of 158 6¢V/c2 < m;, < 175 Ge&V/c2
with 95 % confidence level [[45]]. These limits are shown in figure Although elec-
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2.2. Production and Decay of Top Quark Pairs

troweak fits of Standard Model parameters favour a light Higgs boson, a Higgs boson
mass above 2m, is not strictly excluded.

Tevatron Run II Preliminary, <L> = 5.9 b
\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\
LEP Exclusion : Tevatron
. . lu

[y
—

95% CL Limit/SM

100 110 120 130 140 150 160 170 180 190 200
mH(GeV/c )

Figure 2.5: Higgs boson exclusion limits from Lep and Tevatron [46]. Existence of a
Standard Model Higgs boson can be excluded for mass ranges my < 114.4GeV/:2
and 158 GeV/c2 < my, < 1756GeV/:2 with 95 % confidence level.

Multi Higgs Doublet Models (MHDM)

According to its name the Two-Higgs-Doublet model contains an additional dou-
blet of Higgs fields, compared to the Standard Model with only one doublet. With four
additional degrees of freedom there are many ways to couple the additional fields to
the Standard Model particles and different ways of electroweak symmetry breaking,
but the general features of this model remain the same.

There are also some extensions of the Two-Higgs-Doublet model, e.g. the Three-Higgs-
Doublet Model (3HDM) [[48], [50]], or extensions of the Standard Model also requir-
ing two Higgs doublets, e.g. supersymmetry [[51]]. Some of these models predict even
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2.2. Production and Decay of Top Quark Pairs

more than five Higgs bosons and many other undiscovered particles, but all of them
require at least the ones mentioned above. The 2HDM can be considered as a minimal
extension of the Standard Model concerning the Higgs sector.

After electroweak symmetry breaking, three degrees of freedom have moved to the
electroweak gauge bosons W* and Z° which acquire a longitudinal component of
polarisation like in the Standard Model. The remaining five degrees of freedom mani-
fest as five different Higgs bosons which acquire their masses through self-interactions
with each other. Among these Higgs bosons, there is the Standard Model Higgs boson
h, a second scalar Higgs boson H, a pseudoscalar boson A and a pair of electrically
charged Higgs bosons H*. All of them are colour-neutral particles of spin s = Of.
The three neutral Higgs bosons h, H and A are candidates for tt resonances. Their
quantum numbers are summarised in table

Higgs boson electrical charge [e] parities (1, ys)
RO 0 (1,0)
H° 0 (1,0
AP 0 0,1)
H* +1 (1,0)

Table 2.5: Higgs bosons in the Two-Higgs-Doublet Model. The 2HDM includes five different
Higgs bosons, two scalars, one pseudoscalar and a pair of electrically charged Higgs
bosons.

In Multi Higgs Doublet Models each Higgs doublet ®; has its own vacuum expectation
value v; and may couple in its own way to up- and down-type fermions U and D
respectively. With two Higgs doublets, the ratio of both vacuum expectation values
are usually denoted by tan(f8) = Z—j and the mass ratio of the two scalar Higgs bosons

is defined as tan(a) = :—ho Two extreme models are the following.
HO

* &, does not couple to fermions at all.
®, couples equally to up- and down-type fermions.
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2.2. Production and Decay of Top Quark Pairs

In this case, the couplings are given by

I SR igeot(B)—
ngf = —mDMDD (H sina + h" cos a) zmw DMDYSDA
— co
-  _omu (Hsina+h°cosa) + ——— i (/5 )7 ~———UMyysUA°
2my,+ sin 3 2my,
gcotf —
+—=—— (H'U [MyV, 1- — VexmMp (1 + D+h.ec.).
Zﬁmwi ( |: uVerm ( Ts) ckmMp ( Ys)] )

* &, couples only to down-type fermions.
&, couples only to up-type fermions.

In this case, couplings are given by

_ g — 0 0. igtan(ff) — 0
ngf = —WDMDD (H cosa + h” sin a) me DMDYSDA
g — 0 . 0 igcot(ff)— o
— ————UM,U (Hsina+h’cosa) + ————UMyy5UA
2my,+ sin 3 2my,+
g —
+ ——=—— (H"U [cot BMyVeym (1 — 15) + tan BVexnMp (1+75) ] D
2/2myy
+ h.c.) .

Exclusion limits on Higgs bosons from a non-minimal Higgs sector are less tight than
limits on the Standard Model Higgs boson. Measurements at the Large Electron
Positron Collider (Ler) exclude neutral Higgs bosons from the Minimal Supersym-
metric Model (MSSM) up to masses of muo < 92.8C¢/:2 and myo < 93.46eV/c2 [52]].
Experiments at Tevatron do not quote explicit exclusion limits on masses of Higgs
bosons, but only limits on tan 8 as a function of the Higgs mass [53].

Apart from Higgs doublet models there are even more elaborate models, e.g. the
Higgs Triplet Model (HTM) [54, [55]], which also contain many Higgs bosons, but are
not considered in this study.

Technicolour

The technicolour model (TC) [[56} [57]] considers the Higgs boson as a composite parti-
cle. Its constituents, called techni-fermions, are confined by a new strong interaction.
The Higgs boson is formed during a dynamical breaking of the new gauge symmetry.
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2.2. Production and Decay of Top Quark Pairs

At low energy, the Higgs boson appears as a condensate of techni-fermions which de-
velops a non-vanishing expectation value ( f F) # 0, just like mesons emerge after
chiral symmetry breaking as a quark condensate in low energy QCD. The simplest
model of technicolour is not able to give masses to leptons and quarks. To make this
possible, the technicolour gauge group has to be extended, introducing new gauge
bosons which are able to couple to Standard Model fermions. This model is called
extended technicolour (ETC) [58}[59].

Nevertheless, ETC still has problems with flavour changing neutral currents and gener-
ating the extremely heavy top quark mass. A topcolour extension of the model leads to
the topcolour assisted extended technicolour model [[29]]. In this model, techni-fermions
do not only form the Higgs boson, but also produce many other particles by building
condensates and by interacting with Standard Model particles.

One of these new particles emerging from the model is a heavy copy of the Z° boson,
called Z’. The Z’ boson can be heavy enough to decay into a top quark pair. The
easiest channel to detect this particle would be its decay into a pair of charged leptons.
On the other hand, there are some models with a leptophobic Z’ boson, that does not
couple to leptons. In this case, the search for it as a tt resonance is a good channel for
its discovery.

Leptophobic Z’ bosons as a tt resonance have already been studied at the D@ and the
Cpr experiments at Tevatron. Existence of this type of resonance could be excluded
with 95 % confidence level up to a mass of m, < 8206¢V/:2 [60] and m, < 805 GeV/c2
[61]] respectively.

The Coloron and Axigluon Model

Inspired by the spontaneous electroweak symmetry breaking, the QCD symmetry group
SU(3)c is extended to a product of gauge groups SU(3) x SU(3) [62]. In the axigluon
model [63}[64]], these two symmetry groups act on left- and right-handed quarks, sep-
arately, so that it can also be labelled SU(3), x SU(3)g. For the coloron model, the
two coupling constants may be different. Their ratio is usually written as €1/g, = cot 6.

The Standard Model gauge group SU(3). remains after spontaneous symmetry break-
ing as the diagonal subgroup. Similar to the Higgs mechanism, some of the gauge
bosons acquire a mass. The eight massless gauge bosons are identified with gluons
from QCD. The remaining eight bosons emerge as an octet of colour charged heavy
particles. Just like the gluon, these particles cannot be distinguished by their colour
charge, which makes them appear as different states of the same particle.
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Depending on the details of the gauge symmetry and the respective couplings to
quarks, this particle is called a coloron or axigluon. Colorons are colour octet vec-
tor bosons and can be imagined as heavy gluons. Axigluons instead are colour octet
axial vector bosons. Both particles interact strongly with quarks, which also includes
a strong coupling to top quarks. Their strong coupling to quarks and gluons leads to a
high production rate and a large expected signal.

Both models have already been studied at the Tevatron without any significant find-
ings, resulting in quite high exclusion limits between 800 6¢V/c2 and 3.27T¢V/c2 depend-
ing on the respective type of coupling. Respective exclusion limits are summarised in

table

particle coupling confidence level excluded mass range [GeV/c2]
axigluon - 95 % my <910
- 90 % m, < 920
coloron cotf =1 95% mc < 800, 895 < m¢ < 1960
90 % mc < 805, 880 < mc < 2470
coloron cotf =1.5 95% 150 < m¢ <950
coloron cotf =2 99.99 % me <930, 1110 < m¢ < 1860
95 % mc < 955, 1030 < mc < 3200
90 % mc < 960, 1020 < m¢ < 3250

Table 2.6: Coloron and axigluon exclusion limits [65]. The coloron model provides the
coupling strength relative to the Standard Model strong coupling as a free parameter.
This coupling is fixed to the Standard Model value in models of axigluons.

Extra Dimensions

The theory of extra dimensions is based on the assumption that at microscopic scales
there are more than the ordinary four dimensions of space and time [66, [67]. The
reason why these extra dimensions have not been noticed yet is because they have
periodic boundary conditions and their length is of a microscopic scale. Effects of
extra dimensions can easily been seen in the Klein-Gordon equation

(6#0,-m*)y =0,

which describes the propagation of a scalar particle ¢ with mass m.
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The d’Alembert operator (O = 9%0,) in d dimensions can be split into the ordinary 4-
dimensional d’Alembert operator plus the second derivatives in the extra dimensions.

(D(d) - mz) Y=0

d
e (O09+)>8,8"-m? |y =0.
u=5

The sum over the momenta in direction of the extra dimensions plus the rest mass
squared of the described particle can be summed up to an effective mass visible in
four dimensions. As an effect of periodic boundary conditions of the extra dimensions
momentum in these directions is quantised. If n, denotes the order of excitation and
R the radius of the extra dimension, the Klein-Gordon equation can be written as

visible

This equation describes an infinite number of particle excitations. The ground state
still is a particle of rest mass m of the Standard Model particle. By moving along
the extra dimension, a particle can acquire additional visible mass. With one extra
dimension, there are excitations of this particle with equidistant mass gaps. This peri-
odic spectrum is also called the Kaluza-Klein (KK) tower of particle excitations. With
more extra dimensions, the spectrum gets denser with increasing masses, i.e. more
and more excitations can be produced with increasing energy until the spectrum looks
almost continuous. The number of excitations increases as ~ E¢~4.

The model described above is only the simplest model of extra dimensions. There are
also more complex models involving dimensions of different sizes, curved or warped
extra dimensions or models without periodic boundary conditions. All these model
differ in their phenomenology, but most of them provide excitations of some Standard
Model particles.

The most promising Kaluza-Klein excitations of Standard Model particles are excita-
tions of massless particles. These are the first particles that can be excited at low
energy scales. With heavy Standard Model particles, some energy is lost for their rest
mass, before they can gain momentum in the extra dimensions.
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Candidates for tt resonances can be Kaluza-Klein gluons or Kaluza-Klein gravitons.
Kaluza-Klein gluons have already been studied at the Tevatron without any evidence
of their existence. A lower mass limit of my, > 800 6V/c2 has been set for the Kaluza-
Klein gluon of the bulk Randall-Sundrum model [68].

2.2.2 Decay Channels of Top Quark Pairs

In a tt decay, the two occurring W= bosons decay each into a pair of quarks or leptons.
Depending on the W= decays, a tt event is called either fully hadronic, semileptonic
or dileptonic. In fully hadronic events, both W* bosons decay into quarks. In the
semileptonic case, one W* boson decays into quarks, the other one into leptons. The
dileptonic channel contains two decays into leptons. Their respective branching ratios
are depicted in figure

The fully hadronic channel has the largest branching fraction of 64.8 %, but is hard to
distinguish from a QCD event with only lighter quarks. The final state only consists of
jets which hide the presence of an electroweak decay and make all events appear like
processes of light quarks in QCD. Therefore the fully hadronic channel is difficult to
study and needs a large suppression of different processes.

The dileptonic channel has a clean signature, which is faked by only a small fraction
of similar processes. Two leptons of opposite signs can be easily identified and distin-
guished from pure QCD events. A drawback of this channel comes from the two neu-
trinos which cannot be detected. Thus, the event cannot be reconstructed completely
with all particle momenta. An additional difficulty arises from 7* decays, because
7% leptons decay into hadrons in 64.8 % [[4] and cannot be unambiguously identified
as leptons. Therefore, the W* decay into a v* and its T-neutrino is usually ignored,
leaving the dileptonic channel with a usable branching fraction of only 4.4 %.

The semileptonic channel provides a compromise between a high usable branching
fraction (28.6%) and a moderate amount of non-tt processes with a similar final
state. Although it contains one neutrino from the leptonic W* decay, the kinematics
of the event can be completely reconstructed by posing a mass constraint on the recon-
structed W*. With one hadronic W* decay and one decay into an e* or u* plus the
respective neutrino, the semileptonic channel still holds a branching fraction of 28.6 %,
which makes it the favoured channel for many tt studies. Also this study considers
the semileptonic decay of top quark pairs.
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Figure 2.6: Branching fractions of two W* bosons. The fully hadronic channel (red) has the
largest branching ratio of 46.7 %. Studies of leptonic channels usually omit the v+
decays because 1% leptons decay before they can reach the detector. In 64.8 % ] it
decays into hadrons, which can be misidentified as QCD jets. Therefore, the usable
branching fraction into the semileptonic channel (green) is 28.6 % and 4.4 % into
the dileptonic channel (blue).

2.2.3 Interferences in Top Quark Pair Production

An additional heavy resonance decaying into a tt pair opens a new production channel
for top quark pairs. In order to get accurate predictions for physical observables, res-
onant production processes have to be treated equally like ordinary QCD production
channels if initial and final states are the same.

In the operator formalism, the S matrix contains all transition amplitudes between an
arbitrary initial and a final state. Therefore, transition amplitudes from initial to final
states are also called matrix elements, denoted by .# . The transition probability from
the initial to final state is given by its absolute square |.#|*.
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A resonance process with transition amplitude .#g,, can interfere with tt production
via QCD processes .#qcp. The total tt production rate is proportional to the absolute
square of matrix elements

FARS I/ﬂQCD + M| = |//1QCD|2 + |//5Res

42 Re (Mocolres) . (22)
~—_—

Interference

For many models the interference is small and can be ignored. In this case, processes
can be divided into a signal contribution of interesting events and a background con-
tribution from similar events of other processes. Often signal events include yet undis-
covered phenomena like particles predicted from extensions of the Standard Model.
Then, background events are well known Standard Model processes with an equal
or similar final state. The total observed cross section is just the sum of signal and
background contributions. This is shown in figure

2 2

|‘//l(:)CD|2 |‘/ﬂRes |‘%QCD|2+|‘//ZRes

Figure 2.7: Example of signal and background contributions to a given process. With
negligible interference, the full process is the sum of both types of events.

If the interference is large, i.e. comparable in size with the signal contribution, it
cannot be ignored any more. In this case, a full simulation is necessary, respecting
all Feynman diagrams at the same time, contributing to the total cross section. The
interference can have a strong impact on the shape of observable quantities. This
influence is shown schematically in figure

+ + =

2

|‘/ﬂQCD |2 |‘/ﬂRes 2-Re (‘/ﬂQCD‘//t_Res) |‘//ZQCD + ‘/ﬂRes 2

Figure 2.8: Example of background, signal and interference contributions to a given process.
The interference can give a substantial contribution to the full process.
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In case of a full simulation, distinction between tt production in QCD or via a reso-
nance is not allowed any more, because all production channels together contribute
to the whole process. Also the branching ratio of a resonance decaying into a pair of
top quarks is already included in the transition amplitude for tt production.

30



Event Generators for high Energy
Particle Collisions

“First Commandment of Event Generation:
Thou shalt never believe event generation is easy.”
— Leif Lonnblad

Comparisons between theoretical predictions and experimental measurements are a
non-trivial task. On the one hand distributions of observable quantities can only be
calculated analytically for partons. On the other hand experiments can only detect
hadrons and leptons with a sufficiently long lifetime. Additionally, detectors have a
limited resolution in space and momentum. In order to compare continuous theoret-
ical distributions with measurements of discrete events, a large number of events is
needed to reduce statistical errors. In order to achieve an accurate theoretical pre-
diction of expected measurements, the full process of measurement is simulated on

an event-by-event basis by event generators for different extensions of the Standard
Model.

This chapter describes the different stages of a hadron-hadron collision and their imple-
mentation in event generators. As a part of this work, a new model was implemented
for the event generator HERwiG++. Properties of this model are described in the last
section.
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3.1 Proton-Proton Interactions

Heavy particles such as resonances of top quark pairs can only be produced and stud-
ied directly at high energy particle colliders, e.g. the Large Hadron Collider (Luc)
or the Tevatron. High energy collisions of two protons are rather complex processes,
mostly because protons are composite objects of quarks and gluons, generally called
partons. The major theoretical issue is the confinement property of QCD, which pre-
vents partons described by theory from being observed as free particles. Yet, the rela-
tion between stable final states and fundamental partonic states can only be described
by empirical quantities and phenomenological processes like parton distribution func-
tions (PDFs), fragmentation functions or hadronisation models.

Many observable variables are expressed as total or differential cross sections. In parti-
cle collisions, a cross section is imagined as a hypothetical area representing the pro-
jection of the target particle. If a particle collides with the target and crosses this area,
both particles interact. Otherwise, the particle misses the area without any reaction.
The total cross section of hadron-hadron collisions can be divided into contributions
from different processes, where a specific cross section is proportional to the proba-
bility or frequency of the respective process. Figure shows a summary of some
prominent processes.

For lepton-lepton, e.g. e*-e”, collisions and deep inelastic scattering (DIS), i.e. lepton-
hadron scattering, a factorisation theorem [70] [71} [72] states, that particle collisions
can be described by a decomposition into several independent processes for calculat-
ing cross sections, e.g. initial state radiation (ISR), a hard process, final state radiation
(FSR) and hadronisation. This is possible because processes at high energy scales
hardly interfere with processes of low energy scales. For hadron-hadron collisions this
theorem has been explicitly disproven [73]], which means that processes at all energy
scales may interfere and influence the full process. Despite this fact, the factorisation
theorem is nevertheless applied regularly to hadron-hadron collisions because corre-
lations of processes at different energy scales are expected to be small. Thus, the fac-
torisation theorem is considered to be a good approximation to actual hadron-hadron
collisions.

Differential cross sections Z—; of any observable final state X can be related to parton-

level differential cross sections d:;” by
T S £ @) o0 @) 22 By (@,,Q) )l d
s = Xq, Ui Xp, Qi) —5 Iz i XAXy .
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3.1. Proton-Proton Interactions

Here, f;(x;,Q;) is the parton distribution function for a parton of type j with momen-
tum fraction x; for a given momentum transfer of Q;. The probability or frequency
for different initial state partons is determined according to the relative values of their
parton distribution functions. The partonic cross section & for the hard process can
be calculated analytically by perturbation theory. The function Fy_,y evolves the par-
tonic final state from a scale Q; to the observable final state at scale Q;. It describes
processes like production of jets, hadronisation or hadron decays, which subsequently
take place at different energies until the scale Q is reached. These steps are shown in

figure
Decay {

Hadronization

Parton | .. R
Shower Minimum Bias
Collisions

Hard -
SubProcess

f(x,Q?) 1(x,0%)
Parton q
Distributions

Figure 3.2: Factorisation steps of a high energy collision event [74]. Parton distribution
functions determine the probability for one parton from each colliding proton to
enter into the hard process. QOutgoing partons radiate gluon bremsstrahlung in the
parton shower. All created partons get confined into hadrons, which decay into stable
particles.

Actual proton-proton collisions include an additional complication as there may be
other partonic interactions apart from the hard process, the so called underlying event
as well as many pairs of protons colliding at the same time, called multiple proton
interactions.
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3.1. Proton-Proton Interactions

3.1.1 The hard Process

The partonic interaction with the highest energy scale during a particle collision is
called the hard process. This most interesting interaction is described by Feynman
diagrams like in figure [3.3] can be calculated perturbatively up to a given order in the
strong and electroweak coupling parameters.

q t g t

q t g t

Figure 3.3: Two example diagrams of a hard process for tt production. The initial state in
the left diagram is a quark-antiquark pair whereas in the right diagram it consists
of two gluons. Both diagrams have the same final state consisting of a pair of
top-antitop quarks.

The hard process is the transition from a given partonic initial state into a predefined
final state of partons. In a hadron-hadron collision, the initial state may consist of a
quark/antiquark or a gluon from each of the initial hadrons.

The hadronic cross section into a partonic final state is given by

Oy | =

2 dx,dx,d®,

o= ija(xa,Qi)fb(xb,Q,-)- ~®(cut5)-§|/ﬂ (PaPb = P1P3---Pn)
a,b

where the Mandelstam variable § = Efm = (p, + py)*c? is the squared partonic centre-
of-mass energy. % denotes the sum over all final state quantum numbers and the
average over all initial state quantum numbers such as spin and colour degrees of
freedom. The matrix element is a function of the momenta p; of all incoming and
outgoing partons. d®,, is the Lorentz invariant phase space element of the n outgoing
partons. The Heaviside function © accounts for kinematic cuts applied to the outgoing
particles.

The diagrams in ﬁgure only show contributions in leading order (LO) perturbation
theory. In order to achieve more accurate results, higher order diagrams are required,
which include additional loops or outgoing partons, like the ones in figure Dia-
grams without any loops are also called tree level diagrams.
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Figure 3.4: Two example diagrams of a hard process for tt production in next-to-leading
order. The left diagram shows an additional gluon radiation from an initial state
quark, which adds a third parton to the final state. The right diagram shows an
additional gluon exchange by the two outgoing top quarks.

3.1.2 Parton Distribution Functions

Protons are not elementary particles, but consist of three valence quarks, which are
coupled together by gluons. As a property of QCD, these gluons can interact with each
other, split into two or three gluons or a quark/antiquark pair. As a consequence, a
proton consists not only of three valence quarks, but also a huge number of gluons
and sea quarks. Each of these partons can take part in the hard process.

Parton distribution functions f,(x, Q) tell the probability to find a parton of type a with
a momentum fraction x of the total hadron momentum at a scale Q. In general, this
probability is different for each parton type and depends on the energy scale Q. Thus,
PDFs tell the probability distribution for all matrix element initial states. Figure
shows the MSTW 2008 [[75]] set of PDFs at two different energy scales at leading order
in a;.

For small Q, the contribution of the valence quarks can be seen clearly, producing a
bump in the u and d quark distributions. At high scales Q and low momentum frac-
tions x, contributions from the sea quarks become more important. Also contributions
from other quark flavours arise, ordered inversely by their respective masses. The re-
gion of small momentum fractions is completely dominated by the gluon distribution.
Therefore, about half of the proton momentum is carried by gluons.

The energy dependence of parton distribution functions f is given by the Dokshitzer-
Gribov-Lipotov-Altarelli-Parisi (DGLAP) [76) [77, [78]] evolution equation

1
df aq x dz
Q'@—;J”z)'f(;ﬁ);
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MSTW 2008 LO PDFs (68% C.L.)
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Figure 3.5: Parton distribution functions for two different energy scales at leading order in
ag [75]. The widths of the bands indicate theoretical and experimental uncertainties
from various sources.

where P(z) is called the splitting kernel. The splitting kernel gives the probability of a
parton to split into two partons with one of them carrying the momentum fraction z
of the original parton. The three splitting processes of QCD in leading order of a, are
shown in figure

& <

Figure 3.6: Elementary QCD processes representing splitting kernels for gluon radiation
(left), gluon splitting into two gluons (middle) and quark pair production (right).
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3.1. Proton-Proton Interactions

Splitting kernels determine the probabilities of the respective splitting processes. In
leading order of a, they are given analytically by

1+22
Pygg(2)=Ce 1—2

(1-2(1—-2))?
Pgﬁgg(z):CAW (31)

P, () =nTe(z* + (1 —2)%).

Here, T = !/2 is the normalisation of group generators, C; = 4/3s and C, = 3 are the
Casimir factors characteristic for the SU(3) symmetry of QCD.

3.1.3 The Parton Shower

Despite the outgoing partons from the hard process are assumed to not interact with
each other any more, they still undergo particle reactions. Quarks radiate gluons via
QCD bremsstrahlung, gluons split into two gluons or into a quark-antiquark pair, all
charged partons and particles radiate photons as electromagnetic bremsstrahlung and
quarks decay via the weak interaction.

With possibly hundreds of participating partons these processes are extremely compli-
cated. To reduce their complexity, they are usually divided into a hard interaction with
only a few final state partons and a parton shower, where each parton radiates addi-
tional partons, increasing the number and reducing the average energy of final state
partons until it reaches a predefined energy threshold. The distinction between par-
ton radiation from the matrix element or the parton shower is artificial because both
stages are only approximations to the real complex process. The transition energy is
not unique, but has to be chosen when calculating particle interactions.

Radiation processes can again be expressed in terms of the splitting kernels from equa-
tions[3.1] depicted in figure The Sudakov form factor [[79]]

t Zmax(f/)
a,(t") dt’
A(t, ty) = exp —ZJ J ——P@dz— (3.2)
T o s

expresses the probability of no radiation between the scales ¢t and t,. The Sudakov
form factor describes the emission pattern of partons and their energy loss. An exam-
ple of parton radiation is shown in figure|3.7
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Figure 3.7: Example parton shower from initial and final state partons. The blob in the
middle contains the hard process. This diagram only shows QCD reactions as they are
the most dominant processes. Weak particle decays and electromagnetic radiation
are also possible.

Initial state partons radiate gluons or split into quark-antiquark pairs until two par-
tons from the initial state radiation (ISR) interact with each other and become the
initial state particles for the hard process. Final state partons from the hard process
then also split into two partons iteratively, loosing energy until they reach the QCD
hadronisation scale.

Result of the parton shower is a large number of partons. In general, the outgoing
particles carry a colour charge and, thus, cannot exist as free particles. Quarks and
gluons have to form colour neutral hadrons. Parton showers generally exhibit a prop-
erty of preconfinement [80} 81}, [82]], which means that colour singlet pairs of coloured
partons end up with a small distance in phase space. This property establishes the
preconditions for the hadronisation.
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3.1.4 Hadronisation

Hadronisation generally is a low energy effect, that sets in at energies corresponding
to typical hadron masses of E, 4 ~ Mpy,qonc> &~ 200 — 1500MeV. The property of
confinement of QCD makes quarks and gluons not occur as free particles.

Nonperturbative QCD simulations on a spacetime lattice determine the confinemen-
t/deconfinement transition at a temperature of about T, =146-170MeV/i; [183] [84], 185]]
for an infinite volume. The specific temperature strongly depends on the respective
observable and can be higher for a smaller system, because the transition is only an
analytic cross over of different states, but not a phase transition.

Below the transition temperature a gluon string of constant energy density is formed
between two quarks when their distance is increased above the typical diameter of a
hadron which is about 1fm. When the string contains enough energy to create an ad-
ditional quark-antiquark pair which can act as endpoints of the gluon string, the string
breaks apart and the original hadron splits up into two or more hadrons, effectively
reducing the energy stored in the string and confining all quarks into hadrons [86}87].
Similar arguments hold for strings between gluons.

The property of confinement is closely related to the emergence of jets in high en-
ergy particle collisions. Escaping quarks and gluons from an event radiate additional
partons which remain colour-connected through gluon strings. If the relative momen-
tum of two connected partons Ap 2 My,q.0nC, the string may be broken by creating
a new quark-antiquark pair where each of the new quarks is again colour-connected
to one of the original partons, but not necessarily connected among each other. All
relative and transverse momenta of colour-connected partons are effectively reduced
to p; < Ap ~ 16/, which corresponds to typical hadron masses. Below this scale,
partons are not able to break their colour-connections. As a result, colour-connected
partons end up with a small distance in phase space, which is the reason for the prop-
erty of preconfinement.

Transverse momenta of emerging hadrons are limited to p; S 16¢V/c, but the original
parton can have a large momentum p > 16¢/c. In this case, hadron momenta are
highly boosted into the direction of flight of the original parton. Their trajectories
appear to be collimated into a bundle of tracks, called jet.

In general, produced hadrons are unstable. Their decays are well understood from
direct measurements at all kinds of accelerator experiments. A quite complete list
of hadron decay channels can be found in [4]]. All subsequent particles in a decay
chain approximately keep their direction of flight, because of momentum conservation
and the original particles may be highly boosted. Therefore, hadrons from a specific
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parton are collimated into the same direction and form a jet. Its properties reflect the
properties of the original parton. Therefore, it is possible to study partonic properties
by measuring the properties of jets.

3.1.5 Additional Interactions

Apart from the hard process, there are always additional interactions that contribute
additional final state particles to the event. The following list contains some commonly
used categories of additional interactions, some of which have a similar meaning, but
have to be distinguished carefully.

Multiple Parton Interactions Measurements of QCD jet production indicate a rapid
rise in jet cross sections with increasing centre-of-mass energy which eventually
may exceed the total pp or pp cross section and violate unitarity. This effect
is initiated by a rapid rise of parton distribution functions for decreasing mo-
mentum fraction x, which indicates an increasing probability of more than one
partonic interaction during the same hadron-hadron collision.

Multiple Proton Interactions Real particle colliders do not collide single particles,
but dense packets, so called bunches, of up to 10! hadrons. During a collision
of bunches, many pairs of hadrons may interact independently at the same time.

Pile-up This type of events includes all additional interactions apart from the primary
collision. Apart from Multiple Proton Interactions, this also includes interactions
with particles from other sources, e.g. with beam gas.

Minimum Bias This expression refers to a single particle-particle, i.e. proton-proton
interaction. This includes all possible types of interactions, such as elastic scat-
tering, single-, double- and non-diffractive events as well as hard scatterings. As
hard scatterings are rare, Minimum Bias events are dominated by soft interac-
tions.

Underlying Event This component of an event includes all particles from a single par-
ticle collision except those from the process of interest. The Underlying Event
may also contain particles from a hard scattering, if there is a second hard inter-
action parallel to the main hard process of interest.

Final state particles from additional interactions contribute as background to a mea-
surement of the hard process. They raise occupancies of most parts of the detector,
which increases the difficulty to detect the interesting final state objects of the hard
process.
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3.2 Implementations of Event Generators

Simulations of high energy particle collisions are done with event generators. There
is a large number of event generators, some for simulating special processes or steps
in an event, or general purpose event generators, which simulate complete events of
all kinds. Examples of specialised generators just for the hard process are ACERMC,
ALPGEN, ARIADNE, CoMPHEP, MC@NLO and MapEveNT/MadGraph.

There are mainly three common general purpose event generators: HERWIG++, PYTHIA
and SHERPA.

All specialised event generators have to be interfaced with the parton shower and
hadronisation component of a general purpose generator in order to obtain realistic
events. For each step there are several models or algorithms that concentrate on
different aspects of the simulation or are optimised to reproduce certain observable
quantities accurately. This work makes use of the general purpose event generator
HerwiGg++. This generator was chosen for the following reasons

* As a general purpose event generator HERwiG++ provides the complete chain of
steps of an event simulation. No external module is needed. Consistency of all
participating parts is guaranteed. Especially, this means a consistent transition
between hard process and parton shower. The available phase space of incoming
and outgoing partons is sampled consistently and unambiguously, which can be
an issue when using an external matrix element generator.

* HErRwWIGH+ was rewritten from scratch based on the preceding event generator
Herwia. In this process, several improvements over the previous version where
included, e.g. a new ordering variable for its parton shower implementation,
which accounts for effects of massive partons.

* HerwiGc++ offers some advantages compared to PyTHiaA, e.g. the automatic
application of spin correlations. HeErwig++ includes spin correlations for all
its matrix elements without any additional setup. This makes matrix element
predictions more realistic.

* Although the SHERPA approach of automatic matrix element code generation
seems quite advanced and comfortable, it makes studies of many particles with
different properties difficult. SHERPA determines possible Feynman diagrams
from properties of a particle and its couplings to other particles. For this study of
many different types of tt resonances this means many different configurations
and initialisation steps, which would be too time-consuming for purposes of
mass production with current versions of this generator.
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The following sections describe some of the concepts in greater detail that are used by
HERWIG++.

3.2.1 Matrix Element Calculation

Matrix element calculations with event generators have to deal with divergences in
cases when partons radiate gluons of small energy or collinearly to another outgoing
parton. This configuration has to be excluded from matrix elements. The missing
region in phase space is handled by the parton shower.

Care has to be taken on the one hand not to double count regions in phase space that
are handled in the matrix element as well as in the parton shower and on the other
hand not to skip a region of phase space completely. Matrix element calculation and
parton shower have to fit together to cover all possible regions of phase space. The
corresponding procedure of dividing phase space is called matching between matrix
element and parton shower.

In NLO calculations the occurring divergences are cancelled by diagrams with addi-
tional loops. In this case, algorithms have to be implemented in a way to avoid large
contributions leading to numerical instabilities, i.e. all integrals have to be split into
parts of finite size. This procedure sometimes leads to events of negative weights
which have to be treated carefully during an analysis.

g 4

g 8

Figure 3.8: Contraction of a loop contribution into an effective vertex. Higgs bosons couple
to gluons only via a quark loop. This loop contribution can be calculated analytically.
Thus, it is possible to establish an effective vertex where the Higgs boson is able to
couple to gluons directly.

HEerwIGH+ is a tree level, fixed order event generator, i.e. available matrix elements
do not have any loops and must always provide a fixed final state. Exceptions are
possible with effective vertices, where a loop contribution can be described as single
vertex like in figure (3.8

Matrix elements for HERwiG++ require two particles in the initial state and can han-
dle an arbitrary number of partons in the final state. There are many existing matrix
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elements included in HERwiG++ for a wide range of processes. Many Standard Model
processes and a lot of processes beyond the Standard Model are provided for, e.g. su-
persymmetry, universal extra dimensions or new gauge bosons and resonant graviton
production.

As part of this work, a new matrix element was implemented for HErRwiG++, which is
able to calculate pair production of heavy quarks in hadron-hadron collisions. Besides
standard QCD processes, also resonant qq production via additional production chan-
nels is handled, including an arbitrary resonance with configurable quantum numbers.
This new matrix element was developed with the requirement of respecting all pos-
sible interferences between QCD qq production and production via an intermediate
resonance. Details of this matrix element are described in section [3.3]

3.2.2 Parton Distribution Functions

Parton distribution functions are not uniquely determined. Distributions of partons in-
side a proton are functions of the considered factorisation scale Q and the longitudinal
momentum fraction x of the total proton momentum. As a proton is a bound state,
parton and momentum distributions inside a proton are low energy properties where
the strong coupling parameter gets large. Thus, these quantities are inaccessible to
perturbation theory. Colliding particles probe the composition of a proton at a specific
energy scale Q, which is also interpreted as the momentum transfer between two col-
liding partons. This scale also determines the resolution to which the structure of the
proton can be resolved.

The strong coupling region of QCD is in general accessible via calculations on a space-
time lattice, but these calculations are still far too expensive for today’s computers.
Parton distribution functions therefore have been measured in deep inelastic scatter-
ing experiments. Some fits of different parametrisations to measured data exist. The
two most common fits are the CTEQ [88]] and the MSTW [75] PDF sets.

Depending on the matrix element, different PDF sets have to be used. There are PDFs
for use with leading order calculations and sets for NLO or NNLO matrix elements.
By default, HERwic++ uses the MSTW 2008 LO** PDF set, which is a PDF set tuned
to reproduce NLO cross sections with leading order matrix elements. To determine
uncertainties in the fits, PDF groups also provide error PDFs which deviate one stan-
dard deviation from the central value. The MSTW group provides a set of 20 pairs of
PDF eigenvector sets, which have been orthogonalised to provide approximately un-
correlated errors to determine PDF errors. Each pair is normalised to an error of one
standard deviation.
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Most event generators, and also HERwic++, provide an interface to externally defined
parton distribution functions. This interface follows the Les Houches Accord Parton
Distribution Function (LHAPDF) standard [J89]]. All major PDF sets are available via this
library and can be easily selected and changed.

3.2.3 The Parton Shower

For the evaluation of parton showers the Sudakov form factor in equation is not
determined analytically. In order to obtain a probability of a parton splitting, its Taylor
expansion is truncated after the first non-trivial order, which is called leading logarith-
mic approximation (LLA). In this approximation, only one parton emission at a time
has to be respected with no interference between two emitted partons. For an ap-
plication of next-to-leading logarithmic approximation (NLLA), the splitting kernels
have to be adjusted to include splittings at next-to-leading order in a,. In any case,
the evaluation of Sudakov form factors can be precalculated for all values of ordering
parameters, so that integrals only have to be determined once.

In the prescription of the Sudakov form factor in equation there is some degree
of freedom in choice of the ordering parameter t. Different implementations use dif-
ferent ordering parameters, such as transverse momentum or virtuality to cover the
complete available phase space of emitted partons (see figure[3.9). These approaches
have to be extended to respect the effect of colour coherence [[90]. Gluon radiation
from child partons after a splitting looks like radiation from the parent parton on its
mass shell. This effect leads to an angular ordering of parton radiation, i.e. the an-
gle of a subsequent parton radiation has to be smaller than the angle of any previous
radiation.

To account for colour coherence, the HErRwiG++ parton shower [92, [93]] implemented
its ordering variable

2 2E} |:1 — cos (Hij)] |:1 + cos (95)}2
[1+4cos (6;)] |:1 + cos (Gj):|

with respect to the original final state parton from the matrix element, called the
progenitor. 6; and 0; are the angles between the progenitor and the respective child
particle i or j. 05 is the angle between the parent and the progenitor, and 6;; is the

angle between the two children. E;; denotes the energy of the parent.

When a branching occurs, the starting evolution scales of the child partons i and j
with momentum fractions z and 1 — z are set to zt ~ E;0; and (1 —2)t ~ E;0;
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Figure 3.9: Ordering variables of parton showers [91]. pt ordering (left), virtuality ordering
(middle) and angular ordering (right) cover the accessible phase space of rapidity y
and transverse momentum p, of emitted partons from different directions.

respectively. The maximum opening angle of any subsequent branching is 6;;, which
ensures angular ordering explicitly.

Further features of the HERwiG++ parton shower implementation are its Lorentz in-
variance under boosts along the jet axis and the treatment of heavy quark fragmenta-
tion through the use of mass-dependent splitting functions [[94] and kinematics, pro-
viding a complete description of the dead-cone region [95], i.e. gluon radiation from

a quark is kinematically forbidden for angles 6 < ——. This relation originates from

the condition that velocities of quarks and gluons have to obey v, < v, =c.

3.2.4 String and Cluster Hadronisation Models

Mechanisms of hadronisation are not well understood from first principles. Only ef-
fective models exist for transformations of colour charged partons into colour neutral
hadrons. Types and quantum numbers of the resulting hadrons are determined by the
quantities of the originally available partons, because all conservation laws have to be
respected, e.g. conservation of colour and electrical charge, momentum or spin. Exam-
ples of how to combine partons to hadrons is given in figure[3.10] There are two main
models for hadronisation, the cluster model [[96] and the Lund string model [[97].

The Lund string model constructs strings of colour flow spanning from a quark across
colour-connected gluons to an appropriate antiquark. Gluons from the parton shower
act as fixed points for the quark-antiquark connection that change the direction of the
string. At some points, the string may break, reducing the total energy stored in the
string. A new quark-antiquark pair with suitable colour charges is produced at the
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Figure 3.10: Example for hadronisation
and hadron decays. Partons from
the parton shower enter the dia-
gram from the left. Before hadro-
nising, gluons split up into pairs
of quarks and antiquarks. Re-
specting their colour charges and
flavours, all quarks are coupled
to mesons and baryons (hatched
blobs). On the right hand side of
the diagram, these hadrons decay.
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Figure 3.11: lllustration of the Lund string Figure 3.12: lllustration of the cluster

model of hadronisation [98]. The model of hadronisation [98]. The
shaded areas represent strings as in- shaded areas represent clusters as
termediate states between partons intermediate states between partons
and hadrons. and hadrons.

new endpoints. When the energy of a string is too small to generate an additional
quark-antiquark pair, it is transformed into a hadron.

In contrast, as a first step, the cluster model splits gluons from the parton shower into
quark-antiquark pairs. After that, pairs of colour-connected quarks and antiquarks are
collected into clusters, which are guaranteed to be close in phase space because of the
preconfinement property of the parton shower. Eventually, all clusters are transformed
into hadrons, respecting the given quantum numbers of original partons and according
to available phase space.

The main advantage of the cluster model compared to the string model is a small
number of parameters which makes the cluster model simpler and more intuitive. On
the other hand, the string model is able to adapt to measured data more easily. In fact,
there are some observables that are not described accurately with the cluster model.
As a disadvantage, the string model needs many abstract parameters with no physical
interpretation.
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Hadrons produced during the hadronisation can be unstable and highly excited. They
are finally being decayed according to their respective branching ratios into stable
particles.

3.2.5 The Underlying Event

Multiple parton interactions can be implemented as many independent scattering pro-
cesses as long as some physical constraints are respected for all extracted partons, e.g.
total energy and flavour conservation. The total momentum of all partons cannot be
larger than the original (anti)proton momentum. The sum of all parton flavours has
to match the flavour content of the (anti)proton.

In HERwiG++ these constraints are matched by ignoring events violating energy or
momentum conservation. Only one parton is evolved backwards to a valence quark
during the initial state radiation parton shower. Partons for multiple interaction pro-
cesses are always evolved back to a gluon.

In addition to these semi-hard processes, HERwiG++ implemented a second compo-
nent of multiple interactions. Soft scatterings are modelled by elastic collisions of soft
gluons. Motivated by the pomeron-like structure of these scatterings, the two colliding
gluons are colour-connected to each other so that the outgoing proton remnants are
not affected.

3.3 The heavy Quark Resonance Model for HERwIG++

Current event generators are able to simulate a wide variety of processes, also includ-
ing many undiscovered particles predicted by extensions of the Standard Model, such
as Z’ bosons, supersymmetric particles or Kaluza-Klein excitations of Standard Model
particles. Usually, these processes are simulated independently of each other using dis-
tinct matrix elements even if they have the same initial states and result in the same
final states, which can easily be mixed up. In this case, interferences of diagrams with
equal initial and final states are ignored. As explained in section such an in-
terference can provide a significant contribution to the full process, i.e. interferences
have to be taken into account for some models [[99]]. Considering this aspect, only few
existing event generators are available to simulate a heavy quark resonance interfering
with QCD production of heavy quarks.

As part of this work, a new model was implemented for HERwiG++, which extends
the Standard Model by one additional resonance decaying into a pair of quarks. The
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matrix element is designed with a resonance of heavy quarks in mind, especially top
quarks. The final state quarks, therefore, are generally labelled with Q and Q. The
model is designed as flexible as possible to simulate resonances with arbitrary quan-
tum numbers.

Some constraints are implied by a forced decay of the resonance into a QQ pair. Its
electrical charge has to be 0, its spin has to be integer and the resonance cannot
be a stable particle. Resonant quark pair production further implies a resonance mass
Mges > 2-My, otherwise only continuum production is possible, e.g. like ¢t production
in Standard Model QCD.
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Table 3.1: Feynman diagrams implemented in the heavy QQ resonance matrix element.
The diagrams show quark-antiquark production via gluon scattering [(a)H(c) and
quark-antiquark scattering in QCD and similar production channels via gluon
scattering and quark-antiquark scattering @ including a resonance R.

The matrix element provides nine Feynman diagrams shown in table Diagrams
(a)H(c)] show heavy quark pair production in QCD via gluon scattering. The three
diagrams show the s-, t- and u-channel respectively. Diagrams[(d)] and [(e)] present the
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3.3. The heavy Quark Resonance Model for HERwWIG++

s- and t-channel diagrams for quark-antiquark scattering in QCD. Diagrams|(D]and[(g)]
represent the s- and t-channel diagrams including the resonance in quark-antiquark
scattering. Resonance production in gluon scattering is shown in diagrams [(h)] and
(1)

As a quark-antiquark resonance, it couples directly to quarks, i.e. diagrams|[(D]and [(g)]
directly follow from the definition of the resonance. Couplings to gluons are not cov-
ered by this definition, but depend on the properties of the resonance. For resonances
coupling only to quarks, but not to gluons, diagram|[(h)]is the leading order production
diagram for gluon scattering. For instance, this applies for production of Higgs bosons
in the Standard Model. Although the loop diagram is suppressed by two additional
vertices, corresponding to two additional orders of coupling parameters, the diagram
may give a significant contribution, if the coupling parameter is large. This is the case
for the coupling of a top quark to the Standard Model Higgs boson and may also be
valid for other types of resonances.

HEerwiGH++ implements the coupling via a quark loop with an effective vertex, such
that the loop contribution is calculated analytically and matched to the remaining tree
level simulation. This also implies a sum over contributions from all types of quark
loops.

Diagramis not used for vector resonances. The Furry theorem [[100} [101]] forbids
the production of a vector particle from two vector partons via a fermion loop. Colour-
charged resonances are able to couple to gluons directly. Diagram [(i)| can be applied
for these types of resonances. As a result, colour-neutral vector resonances, such as
the Z’ boson, do not couple to gluons and can only be produced in quark-antiquark
annihilation.

HErwIGH+ calculates transition amplitudes of Feynman diagrams using the HELAs for-
malism [JI02] to determine wave functions of particles and values of vertices. The
matrix element module of the heavy quark resonance model calculates transition am-
plitudes explicitly for all 16 combinations of helicities of incoming and outgoing par-
tons so that spin degrees of freedom are propagated correctly between initial and final
state partons.

Treatment of colour degrees of freedom is not implemented explicitly. Transition am-
plitudes include the colour average of initial state partons and the sum of final state
colours. In determination of the absolute square of transition amplitudes, colour de-
grees of freedom induce further constraints on the matrix element. Flows of colour
charges have to be consistent also in interferences between each pair of Feynman dia-
grams. To account for conserved colour flows, a weight, called colour factor, is applied
to each pair of Feynman diagrams, which can be calculated algebraically from the
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property value description

particle name HeavyQQbarResonance name of the resonance

PDGID 9900000 PDG particle ID [[4]]

short name HeavyQQbarResonance abbreviation

mass >0 resonance mass

width >0 resonance decay width

cut off float Breit-Wigner resonance cut off
speed of light - lifetime

c'T 0 automatically calculated from
width

electrical charge [¢/3] 0 has to be 0 for qq resonances
colour representation 1 colour singlet

8 colour octet
spin representation 1 spin 0

3 spin 1

0

stable qq resonance has to be unstable

Table 3.2: Configurable parameters of the qq resonance. Its mass, decay width, colour and
spin representations determine the physical properties of the resonance.

properties of the SU(3). gauge symmetry. A detailed derivation of all colour factors
for a general su(N) algebra is listed in appendix Full matrix elements in terms
of individual transition amplitudes, including all interferences, as implemented in the
heavy quark resonance model are given in appendix [A.5]

In case the above considerations are applied to top quark pair production, the model
simplifies because Feynman diagrams and do not apply any more. The parton
distribution function of top quarks is negligible. Therefore, none of the available fits
of PDFs include contributions of top quarks. For this reason, initial state top quarks
do not occur and calculated transition amplitudes for Feynman diagrams [(€)] and
always vanish.

3.3.1 Parameters

A list of configurable quantum numbers of the resonance is presented in table
such as the mass and width of the resonance as well as spin and colour charge.

In order to couple the resonance to other particles, the Heavy Quark Resonance Model
includes four vertex objects which implement couplings of a spin-0 or spin-1 resonance
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to quarks or gluons respectively. Couplings to leptons is not necessary because all
initial and final state partons are always quarks or gluons. Available options of the
model are listed in table[3.3]

Each vertex can be set up to provide one of the following types of couplings between
the resonance and quarks or gluons:

em coupling parameter of the electromagnetic interaction a.,,(Q)

strong coupling parameter of the strong interaction a,(Q)

®em (Q)
4,/sin21‘7w~(1—sin21?w)
higgs equal coupling parameters to fermions as the Higgs boson in the Standard

Model £m(Q
Z»mwi

Z equal coupling parameters as the Z° boson to fermions, i.e.

constant constant coupling parameter with a configurable value.

In addition, two parameters (ResonanceParity, ResonanceGamma5Parity) specify
the parity p and ys-parity ps of the resonance in each vertex object. These parameters
are used to define its couplings to the left- and right-handed components of quarks
which are scaled by (p — ps) and (p + ps) respectively. In case of a Z° boson coupling,
the parities are multiplied by the vector or axial vector couplings of fermions to the
Z° boson. The parity parameters may also be used to scale up or down the coupling
strength. This way, enhanced or decreased couplings can be studied which deviate
from the respective coupling strength of the Standard Model.

Additional parameters are provided to define the type of outgoing quarks (QuarkType)
or switch on or off some of these diagrams. It is possible to switch off all Standard
Model QCD processes (QCDdiagrams), so that only resonance diagrams are included.
On the other hand, if the resonance is switched off (Resonance), only QCD production
processes of heavy quark pairs are included. Interferences between both types of
processes can only occur if both types are switched on. Two options specify which
initial states to be included, one switch for gluon-gluon scattering (GluonScattering)
and one for quark-antiquark scattering (QQbarScattering).

Remaining options specify the minimal value of the invariant mass of the outgoing
quarks (InvMassLimit) and the verbosity of output of the different modules of the
Heavy Quark Resonance Model (DebugLevel).
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module parameter values description

model DebugLevel 0-3 verbosity level

vertices CouplingType em electromagnetic coupling

qq—R/gg—R strong strong coupling

scalar/vector higgs SM Higgs coupling

Z Z coupling
constant constant coupling

ResonanceParity float strength of vector coupling
ResonanceGamma5Parity float strength of axial vector coupling
DebugLevel 0-3 verbosity level

matrix element QuarkType 1-6 type of outgoing quarks

(1: down, ..., 6: top)

QCDdiagrams on/off switch for QCD diagrams
Resonance on/off switch for resonance diagrams
GluonScattering on/off switch for gluon scattering
QQbarScattering on/off switch for qg annihilation
InvMassLimit float minimum invariant mass
DebuglLevel 0-3 verbosity level

Table 3.3: Configurable parameters of the qq resonance model.

gluons and quarks of the Standard Model.

These options determine couplings of the resonance to
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Proton-Proton Collisions at the
Large Hadron Collider

“The real voyage of discovery consists of
not in seeking new landscapes

but in having new eyes.”

— Marcel Proust

High energy particle collisions with a centre-of-mass energy of several TeV require
extraordinary effort. There are only few research facilities being able to address all
technical and logistic difficulties, the two most important ones being Fermilab near
Chicago in the United States of America and CERN near Geneva in Switzerland. The
task is usually divided into several portions. The research facility provides the acceler-
ator and high energy particle beams colliding at defined interaction points. Research
institutes from all over the world cooperate to build particle detectors at these in-
teraction points to measure, reconstruct and analyse these collisions. Simulations of
particle collisions and the analysis of gathered data is processed in a large distributed
computing network called the grid.

4.1 The Large Hadron Collider

The Large Hadron Collider (Luc) [[I03]] at CERN near Geneva is one of the most complex
machines ever built in human history. It is able to collide two beams of protons with
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4.1. The Large Hadron Collider

a centre-of-mass energy of /s = 7TeV, but is even designed for /s = 14TeV. The
accelerator will reach its design energy after a future upgrade.

accelerating
cavities

momentum
cleaning

Point 3

Point 7

%
betatron
cleaning

SPS tunnel

Figure 4.1: Schematic layout of the LHC accelerator ring [104]. Protons are injected in
opposite direction from the Sps accelerator via two transition lines. The two beams
collide inside the four main detectors AtLAS, ALICE, CMs and Lucb. When needed,
the beams are extracted into two beam dump areas, preventing any damage to the
infrastructure.

The Large Hadron Collider as shown in figure[4.1]is the last piece in a chain of acceler-
ators. Each machine accelerates protons to higher energies. The LHc gets its protons
from the Super Proton Synchrotron (Sps) with an initial energy of 450 GeV. The Large
Hadron Collider is a circular syncho-cyclotron accelerator of 26.66 km in circumfer-
ence, located in a tube 100 m underground in average. It accelerates two beams of
protons, running in opposite directions through separate beam pipes. They are kept on
circular tracks by 1232 superconducting dipole magnets with a magnetic field of up to
B = 8.6T. They are cooled down to a temperature of T =1.9 K with superfluid helium.
A cross section of a typical dipole magnet is shown in figure In addition, there

56



4.1. The Large Hadron Collider
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Figure 4.2: Cross section of a typical Luc dipole magnet [105]. The proton beams circulate
in two separate beam pipes. Superconducting magnets keep them on a circular orbit.
All dipole magnets provide an iron yoke to insulate the magnetic field and several
layers of thermal shielding to keep all magnets at a temperature of 1.9K.

are more than 6000 quadrupole, sextupole, octopole and decapole magnets building
a magnetic lensing system to focus the beams.

The collider ring is divided into eight sectors connecting eight special insertions (IR)
in the beam line, each one dedicated to the ArrLas and LHcf experiments (IR1), the
Avice experiment (IR2), momentum cleaning (IR3), accelerating cavities (IR4), the
Cwms and ToTeEM experiments (IR5), the beam dumps (IR6), betatron cleaning (IR7)
and the Lucb experiment (IR8).

The protons are bundled in 2808 bunches of about 10! particles each. At four inter-
action points (IPs) these bunches are squeezed to a diameter of 20 um and a length
of 8 cm and brought to collision at a crossing angle of 300 prad. Subsequent bunches
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4.1. The Large Hadron Collider

are displaced by a distance of about 7.5 m, resulting in a collision rate of 40 MHz, i.e.
every 25ns.

The performance of an accelerator is summarised in a quantity called instantaneous
luminosity %, It is a measure for the number of collisions per area and time inter-
val. Multiplied with a cross section for a specific type of process, the instantaneous
luminosity relates to the expected rate of events of this type

dN
ZZZnst'o"

The Luc accelerator is designed to provide proton-proton collisions with an instanta-
neous luminosity of £, = 10**—=—. At a centre-of-mass energy of 14 TeV the cross
section for top quark pairs is estlmated to be 0,7(14TeV) ~ 880pb. Given these
numbers, the Luc will produce 10 ¢t events per second which is more than any other
accelerator in the world is able to provide, which is why the LHc is often called a “top
quark factory”.

Pairs of top quarks can be produced either via quark-antiquark annihilation or gluon
scattering. With two proton beams at the LHc top quark pair production is dominated
by gluon scattering as the contribution of antiquarks in a proton has to be provided
completely from sea quarks (cf. figure[3.5). Therefore, top quark pairs at the LHc orig-
inate from quark-antiquark annihilation in only about 10 % whereas gluon scattering
contributes with about 90 %.

The six main experiments at the LHc are built at four interaction points. The ATLAS
detector and the CMs experiment are general purpose detectors surrounding their re-
spective interaction points. They are designed to track all fragments of a collision to
achieve a reconstruction of all events provided by the accelerator.

The ALicE detector is a specialised experiment for heavy ion collisions, which replace
the proton collisions in regular intervals. Collisions of heavy ions provide a high den-
sity of nuclear matter. The experiment will study the plasma of quarks and gluons
where even coloured partons are able to behave as free particles.

The Lucb detector is specialised to processes including bottom quarks. Among other
topics, LHcb will studies the asymmetry between matter and antimatter and CP violat-
ing processes induced by the complex phase parameter of the CKM matrix.

Two smaller experiments are located at a greater distance to IP1 and IP5. The Lucf
experiment studies particle scattering at small angle and the ToTEm detector measures
the total elastic and diffractive cross sections.
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4.2. The AtLAs Experiment

4.2 The Arias Experiment

44m

Tile calorimeters
LAr hadronic end-cap and
forward calorimeters

Pixel detector \

Toroid magnets

LAr electromagnetic calorimeters
Muon chambers Solenoid magnet | Transition radiation tracker
Semiconductor fracker

Figure 4.3: Elevation of the Arias detector [106]. Most of its volume is occupied by
the large magnetic coils for the toroidal magnetic field and the muon spectrometer
system. The big wheels of muon detectors give ATLAS an overall length of 44 m and
a diameter of 25m.

The AtrAs experiment is located at interaction point 1 (IP1) of the LHC ring, 100 m
below surface. The detector is 44m long and spans 25m in diameter as shown in
figure It is designed as a cylindrical structure with several layers of subdetectors
for different purposes surrounding the beam pipe. This central part of the detector
is called the barrel region. At both ends, additional cylindrical end-caps cover the
forward regions close to the beam pipe.

According to the cylindrical layout of the detector, two common coordinate systems
have been introduced to identify positions relative to the interaction point. The right-
handed Cartesian coordinate system (x, y, z) is defined by the positive x-axis pointing
from the interaction point to the centre of the LHc ring and the positive y-axis pointing
upwards. In this system the z-axis is identical with the beam axis.

The second, cylindrical coordinate system (g, 1, ¢) is motivated by kinematic proper-
ties of massless particles. p is the distance from the beam pipe. The azimuthal angle
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4.2. The AtLAs Experiment

particle tracking electromagnetic hadronic muon
system calorimeter calorimeter spectrometer
muon v v - v
photon - N - -
charged hadron v - v -
neutral hadron - - N -
electron N N - -
neutrino - - - -

Table 4.1: Signatures of particles in the subdetectors. Different types of particles leave
a characteristic combination of signals in the subdetectors. Neutrinos leave the
detector without any signals.

¢ relates to the direction orthogonal to the beam axis with ¢ = 0 pointing in the
direction of the positive x-axis. The polar angle ¥ is measured towards the positive
z-axis. The pseudorapidity is defined as

v=-ifun(2)].

For massless particles the pseudorapidity is identical with the rapidity y = artanhf,
for which differences in rapidity are invariant under Lorentz boosts along the beam
axis.

Figure illustrates the structure of different shells of Atias and the different sig-
natures of particles passing through the detector. The innermost component is the
tracking system. It determines the tracks of charged particles in an axial magnetic
field of B = 2T which is generated by a solenoid coil. The charge/mass ratios and
momenta of charged particles can be determined from the curvature of their tracks.

The calorimeter system determines the kinetic energies of particles and can distinguish
between hadrons on the one hand and leptons or photons on the other hand. The
outermost part of ATLAs is a special spectrometer for muons. It is embedded in large
toroidal magnetic fields of B = 0.5T in the barrel region and B = 1T in the end-cap
region. The large coils for the toroidal magnetic field of ArrLas are the main reason for
the huge dimensions of the whole detector.

Types of detected particles can be determined from the combination of signals they
leave in the different subdetectors. Table shows the characteristic combinations
for different types of particles. Neutrinos are the only type of particle that cannot be
detected by any subdetector. Nevertheless, their momentum component transverse
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to the beam can be calculated from a momentum imbalance of all detected particles
because total transverse momentum of all final state particles has to vanish.

4.2.1 The Tracking System

The tracking system depicted in figure consists of three subdetectors, the Pixel
detector, the Semiconductor Tracker (SCT) and the Transition Radiation Tracker (TRT).
Each subdetector provides a number of points in space where a charged particles has
generated a signal. These so called hits along the paths of particles are used to calcu-
late their trajectories, also called tracks.

Muon
Spectrometer

Muon

Hadronic
Calorimeter

The dashed tracks
are invisible to

the detector
Electromagnetic
Calorimeter
Transition
Radiation P -
Tracking Tracker  * =
Pixel/SCT
detector ﬂ
) b/ failas.ch

Figure 4.4: Signatures of different types of particles in the AtLas detector [107, [106]. All
types of particles leave a characteristic combination of signals in the subdetectors.
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The Pixel detector has three layers of silicon semiconductor pixels, operated as diodes
in reverse direction, which are 400 umx50 um in size. Particles passing through the
material produce pairs of electrons and holes. These can be measured as an electri-
cal signal. As the innermost subdetector the Pixel detector provides three hits close
to the primary collision vertex for each charged particle. With this information it
is possible to reconstruct the origins of charged particle tracks with an accuracy of
about 11 um [106] in the x-y-plane. This resolution is especially needed for studies
involving bottom quarks. Because of their long lifetime, hadrons with bottom quarks
are able to decay several millimetres away from the primary vertex. A secondary ver-
tex indicates the presence of heavy particles decaying via the weak interaction. As
bottom quarks, which may originate from top quark decays, have a rather long life-
time, a secondary vertex from their decay is useful to identify top quark events.

The Semiconductor Tracker consists of similar silicon semiconductor cells, of which
each is about 60 umx10 cm in size. The operating principle is the same as for the Pixel
detector. The SCT provides four additional hits in the central region of the detector
and up to nine hits in the end-cap region.

The Transition Radiation Tracker consists of about 170000 straw tubes of 4 mm in
diameter, i.e. gas-filled drift chambers, with intermediate layers of polypropylene as

‘ End-cap semiconductor fracker

Figure 4.5: Elevation of the ArLAs inner detector [106]. It consists of the Pixel detector,
surrounded by the Semiconductor Tracker and the Transition Radiation Tracker as
the outermost subdetector.
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radiator material. Charged Particles ionise gas atoms. Released electrons are accel-
erated by a high electrical voltage. An avalanche of electrons is produced which can
be detected as an electrical signal. Electrons additionally are able to emit transition
radiation. When they pass the border of the radiator material, transition radiation is
emitted because of a change in the optical refraction index. Generated photons also
produce a measurable signal inside the straw tubes. The Transition Radiation Tracker
is able to provide an average of 36 additional hits for track reconstruction. As elec-
trons emit more radiation than other types of charged particles, the TRT is also used
to identify electrons.

4.2.2 The Calorimeter System

Tile barrel Tile extended barrel

LAr hadronic
end-cap (HEC)

LAr electromagnetic

LAr electromagnetic
barrel
LAr forward (FCal)

Figure 4.6: Elevation of the ArLAs calorimeters [I06]. The electromagnetic calorimeter is
surrounded by the hadronic calorimeter. Both types of calorimeters consist of a barrel
and an end-cap part. Forward calorimeters cover the the region of small scattering
angles near the beam pipe. The grey part in the centre is the tracking system.

The AtLAs calorimeters shown in figure determine the total energies of electrons,
photons and hadrons. They are all designed as sampling calorimeters, i.e. they consist
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of several layers of absorber material with intermediate layers of detection material.
The absorber generates showers of particles which are detected by the detection layers.
The combinations of absorber and detector materials for the different parts of the
calorimeters as well as their energy resolutions are summarised in table

calorimeter absorber  detector material energy resolution %E

EM barrel [[108]] lead liquid argon 10.1 %% ©0.17 %
EM end-cap [[108] lead liquid argon 10.1 %% ®0.17 %
FCall [[109] copper liquid argon 28.5 %‘/% ©3.5%
hadronic Tile [110] steal plastic 159 %% +52.05 %‘/% ®3.02%
hadronic end-cap [[106] copper liquid argon 70.6 %% ®5.8%
FCal2 [[109] tungsten liquid argon 94.2 %% ®7.5%
FCal3 [[109] tungsten liquid argon 94.2 %‘/% BD7.5%

Table 4.2: Components of the AtLas Calorimeter and their energy resolutions [106]. Relative
energy resolutions as a function of energy is given by a constant, a stochastic term
(~1/VE) and a noise term (~ 1/E).

In general, electromagnetic calorimeters have a better energy resolution than hadronic
calorimeters, because electrons and photons interact extensively with the electrons
in the detector material via the electromagnetic force. By scattering with electrons
from the absorber or detector material, they are rapidly decelerated, distributing their
kinetic energy among many electrons of the material. While being decelerated, they
heavily radiate electromagnetic bremsstrahlung. The emitted photons produce more
electrons and positrons by pair production until their available energy is smaller than

2m,.

Calorimetry of hadrons in general is more difficult than for electrons or photons. Al-
though hadrons also scatter with electrons of the material, they hardly loose energy,
because hadrons are several hundred times heavier than electrons. Thus, they also
hardly radiate bremsstrahlung.

Hadrons most efficiently loose energy in inelastic reactions with nuclei of the absorber
material via the strong interaction. As the hadronic interaction length is in general
larger than the electromagnetic radiation length, hadronic calorimeters have to be
larger than electromagnetic calorimeters in order to capture all secondary particles
produced in the shower.
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Products of nuclear reactions contain many secondary hadrons such as 7° mesons
which mostly decay into photons. Thus, a hadronic shower is often accompanied by
an electromagnetic shower from decaying pions. These sub-showers are much easier
to detect than hadronic showers. Measured signals from electromagnetic showers
have to be corrected in order not to overestimate determined hadronic energies. In
hadronic showers, a part of the initial energy cannot be measured because it is lost for
nuclear fissions or in neutrinos and muons leaving the active detector volume. These
effects further reduce the resolution of hadronic calorimeters.

4.2.3 The Muon Spectrometer

Thin-gap chambers (T&C)

Cathode strip chambers (CSC)

Resistive-plate
chambers (RPC)

End-cap toroid
Monitored drift tubes (MDT)

Figure 4.7: Elevation of the AtLas muon chambers [106]. Four types of detectors are used
to account for different intensities of radiation and focus on spacial or temporal
resolution.

Muons are long lived particles which, in general, are not stopped by the inner detector
or the calorimeters. As such, their energy cannot be determined by the electromag-
netic or hadronic calorimeter. The muon chambers are the outermost part of the
ArLAs detector. To determine the energies and momenta of muons accurately three
layers of muon chambers are embedded into a large toroidal magnetic field to bend
the trajectories of the muons.
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type function spacial resolution temporal resolution
R z @ [ns]

MDT tracking 35um ~700

CSC tracking 40 pm - 5mm 7

RPC trigger - 10 mm 10 mm 1.5

TGC trigger 2-6 mm - 3-7mm 4

Table 4.3: Spacial and temporal resolutions of the muon detectors [106]. Specifications of
spacial resolutions depend on the orientation of the chambers. Components in the
barrel region measure (z, ¢) coordinates whereas detectors in the end-cap region mea-
sure (R, ) coordinates. Only one spacial resolution is given for the MDTs because
they are used in the barrel as well as in the end-cap region.

In different regions of the detector different techniques and geometries are used to ac-
commodate varying particle fluxes, accuracy and timing constraints. Figure shows
the position of the Monitored Drift Tubes (MDTs), the Cathode-Strip Chambers (CSCs),
the Resistive Plate Chambers (RPCs) and the Thin Gap Chambers (TGCs). All muon
detectors operate as charged capacitors in which a crossing muon causes a discharge,
generating a measurable electrical signal. Their spacial and temporal resolutions are
listed in table

The MDTs and CSCs offer a precise spacial resolution, but a limited temporal resolu-
tion, which is why they are used primarily for tracking paths of traversing muons. On
the other hand, RPCs and TGCs provide precise timing information, but offer limited
spacial resolutions. They are used to associate detected muons to specific events.

Among other parts of the detector, e.g. the calorimeter towers, the TGCs are part of
a large trigger system that rapidly selects interesting events from a huge amount of
Minimum Bias events. The muon chambers trigger on events with an electromagnetic
component.

4.3 The Anti-k; Jet Algorithm

Measured events from a detector consist of several hits of charged particles in the
tracking system and energy depositions from electrons, photons and hadrons in the
calorimeter system. Muons are detected via hits in the muon chambers. Depositions
of energies from the hard process are concentrated in small distinct regions of the
detector because of the underlying jet structure of QCD interactions. As these regions
spread across many cells of the calorimeter, a clustering algorithm has to identify
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groups of adjacent calorimeter cells that have received energy from jets. Such cluster-
ing algorithms are called jet algorithms.

There are many different jet algorithms and implementations being used by different
experiments. They all face two major difficulties when searching for clusters of en-
ergy depositions. On the one hand jets have to be stable against small disturbances,
i.e. jet clusters should not change under small variations of measured energies in the
calorimeter cells. Such disturbances may be caused by additional soft radiation from
minimum bias events or finite resolution in energy of the detector. As shown in fig-
ure soft disturbances are able to change the jet structure of the event. Robust jet
algorithms have to be stable against this effect.

On the other hand, as shown in figure [4.9| particles may decay into two particles
that deposit their energies into separate calorimeter cells. This may lead to a differ-
ent configuration of found jets. Nevertheless, the total deposited energy remains the
same and reconstructed jets have to remain unchanged. The Anti-k, jet clustering
algorithm [[I17]] is stable against both effects, soft radiation and collinear splitting.
Therefore it has been chosen to be used for this study.

Figure 4.8: Jet clustering differences with Figure 4.9: Jet clustering differences with
soft radiation [112]. Additional collinear splitting [112]. Splittings
soft particles are able to establish are able to shift the direction of jet
a connection between otherwise candidates.

distinct jet candidates.

Jet clustering algorithms can not only be applied to distributions of energy depositions
in calorimeter cells but also on lists of particle momenta. During its application mo-
menta are merged iteratively. Resulting jet candidates often are also called pseudojets.
As particles and pseudojets are treated equally within the algorithm the name entities
is common as a general expression. The clustering is performed in two steps.
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1.

All possible distances between all entities and the beam are calculated by

Aizj = (J’i —}’j)2+ (‘Pi - 901)2 >
2
dyy = min (K, kT, ) 25,

_1.2p
dg =k?,.

The distance A;; is measured between two entities in the plane spanned by their
rapidities y and azimuthal angles ¢. Distances are defined in terms of transverse
momenta k,. The parameter p determines the properties of the metric and
is set to p = —1 for the Anti-k, algorithm. The parameter R is a weight for
the distance between two entities compared to their distance to the beam. A
common value is R = 0.4, which has also been used for this study.

L
entities i and j, they are combined by adding their momenta. If the smallest

distance comes out between an entity and the beam, the object i is fixed to be
called a jet and removed from the list of entities for the next iteration.

. The smallest distance d;; or d;g is determined. If it is a distance between two

These two steps are repeated until no entities are left and all jets have been defined.
The result is a list of momenta of all calculated jets.

4.4 The DeLPHES Detector Simulation

The DerpHEs [[113]] package is a free, open source implementation of a detector sim-
ulation for general detectors. Its parameters can be adjusted to match the layout of
existing and future particle detectors. DELPHES is able to simulate all crucial elements
and subtleties of a generic detector, such as

geometry of both central and forward detectors
limited energy and spacial resolution of trackers and calorimeters
the effect of magnetic fields on tracks

the reconstruction of tracks of photons and charged leptons as well as jets, b-jets,
7%-jets and missing transverse momentum

a lepton isolation criterion

a trigger emulation.
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It already includes a predefined layout for the AtiAs detector, which has been used
for the studies in this work. This setup has been validated to match the expectations
to the real AtLAs detector. Although DELPHES does not respect all details of the ATLAS
detector, results are comparable to the complete detector simulation with the GEANT
simulation software [[114]], but offers the advantage of being several 100 times faster.

For the reconstruction of jets, DELPHES is able to apply several different algorithms
commonly used in collider experiments:

* Cone jet algorithm [[115]]

* Midpoint Cone algorithm [[T12]]

* Seedless Infrared Safe (SIS) Cone algorithm [[116]]

* Longitudinally invariant k, jet algorithm [[I17, [118]]
e Cambridge/Aachen jet algorithm [[119][120]]

* Anti-k, jet algorithm [TT1]].

For this study, the Anti-k, jet algorithm has been used, because it supersedes the other
available algorithms as explained in the previous section.

4.5 The Luc Computing Grid

In recent years the connection of computer clusters into a global computing grid has be-
come an important and indispensable tool for many fields of modern science research.
Current experiments in high energy physics, such as the ATLAs experiment at the LHc,
deliver a huge amount of data that has to be processed and analysed. At its designed
performance the ATLAS experiment will create 8 Petabytes of data in each year of oper-
ation. In addition, the same amount of data is needed for simulated events from event
generators. An efficient analysis would be impossible without a distributed processing
as there is no single institute being able to provide all the needed computing power.

The Luc Computing Grid (Lcg) [[121]] currently provides the computing power of over
100000 CPUs distributed over 170 participating institutes. Provided storage for data
accumulates to several Petabytes of hard disk space.

The general idea behind the grid follows the concept of the grid for electrical power.
Computing power should be available everywhere via an ordinary network connection.
Computers for the actual calculations are provided by large computing farms, in anal-
ogy to electrical power plants. The user just has to specify a task to be processed, the
grid takes care of all the management in the background and just provides the final
result.
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The software providing the connection to and the management of the grid is called mid-
dleware. The Luc Computing Grid is based on the gLite middleware distribution [[122]].
Tasks of sophisticated or time-consuming calculations are called jobs. Each job is
described via the Job Description Language (JDL). A job description includes an exe-
cutable file and supplementary input files which are packaged into the input sandbox.
Additional input parameters as well as output files can be specified as a result of the
calculation. These can be received via the output sandbox. The Job Description Lan-
guage also provides the possibility to package many sub-jobs into one job description
so that a large computation can be checkpointed or split into smaller parts. There are
also various additional options to further constrain the computing task, but they are
usually not needed for an average job.

Access to all grid resources is provided by a special front end computer called the user
interface (UI). Figure illustrates the different stages of a job in the grid.

* The job is first submitted to the Workload Management System (WMS) which
holds a list of all Computing Elements (CEs) available in the grid, along with
their current workload and usage.

* The WMS selects a suitable computing element with a low workload to process
the job. The WMS holds a job status for each of its jobs, so that users can
query the current status of their jobs. Additional information is provided by
the Logging and Bookkeeping Service (LB) which is also useful for debugging
purposes in case of errors with aborted jobs.

e The Computing Element is connected to a Batch System which holds one or
more queues of jobs to be processed. The CE can be considered a a front end
interface which connects the Batch System to the grid.

* The Batch system is able to schedule jobs according to different criteria of prior-
ity. A fair share algorithm is used with the goal to distribute available computing
time fairly among all users or groups of users.

* When a free slot in the computing cluster is available, the Batch System sends
the job to a Worker Node (WN) which reads the information from the job descrip-
tion file, unpacks the input sandbox and starts processing the task. If needed,
the job is able to fetch additional files of data from a storage element which
provides large amounts of disk space.

» After the job has finished, the output sandbox is sent back to the Workload
Management System where the user can fetch the final result from.

With growing capacity and user communities, called virtual organisations (VOs), secu-
rity of data is an important topic. Security is provided by the requirement of authenti-
cated network connections in every action in the grid framework. Every user, service
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and host has to authenticate himself/itself towards any other participant or compo-
nent via certificates following the X509 standard [[I23[]. This way, every instance is
able to check the identity of other participants of the grid infrastructure.

Each user has to authenticate himself in order to submit jobs to the grid. Furthermore,
also the job itself has to provide a certificate to the grid infrastructure in order to
get the permission of being executed. This is done via proxy certificates, which are
derived from the user’s private certificate, but have a restricted time of validity. By

—Job flow

Data flow p— VL%:;‘:’
wn Logging information
Worker
Node
FITLILILLL) BatCh
H System
H Worker
H Node
; Worker
H Node
H Computing Institute Storage
S
H Element Site Element
Logging & g Workload
Bookkeeping «@sssssaiiniis Management
Service System
Infrastructure
“, User
> Interface

Figure 4.10: Overview of components of the grid. Jobs are submitted to the Workload
Management System (WMS) which delivers them to a suitable Computing Element
(CE). A Batch System spreads jobs among available Worker Nodes (WN). Generated
data can be stored on attached Storage Elements (SE) from where they can be
requested and fetched by users or subsequent jobs.
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default, proxy certificates are only valid for 12 hours after which they cannot be used
for authentication any longer.

4.5.1 Data Distribution

Although the idea of the grid is to have no single points of failure, large experiments
such as ArLas are forced to introduce some kind of hierarchy, because huge amounts of
data are produced by the experiment which has to be distributed among participating
institutes. Therefore, the Lcg introduced a hierarchy of distribution centres called
Tiers. CERN is the Tier-O centre which stores all raw data of all LHc experiments. For
Arias these data are stored as Raw Data Objects (RDOs). After reconstruction, the
event information is converted into Event Summary Data objects (ESDs). A fraction
of all RDOs and all ESDs are transferred to national Tier-1 centres, where events
are filtered and shrunk into Analysis Object Data (AOD). All AODs and a fraction of
all ESDs is distributed to national Tier-2 institutes, where they are available for user
analyses. Event information is further condensed into Derived Physics Data (DPD)
objects which contain compressed information for final analyses. These small objects
make it easy to quickly analyse a large number of events. Table |4.4|shows a list of all
Tier-1 and the German Tier-2 centres.

4.5.2 GANGA

The Ganga tool [[I24] is a front end to manage a list of jobs on the user interface.
GANGaA is already being widely used in the AtrAs and LHcb communities. It provides an
easy to use interface for all common grid actions, including job submission, download
of results and job monitoring. GaNnGa is built in a modular way, so that its functional-
ity can be easily extended via plugins. Extension plugins exist to support the software
framework of different experiments, such as ArHENA [[125]] for the Arras collabora-
tion or Gaudi [[126] for the LHcb experiment. It also provides options for different
grid middlewares, e.g. gLite, Unicore or even a local execution on a user’s desktop
computer.

Another kind of plugin extends monitoring capabilities. By default, GANGA only checks
the status of each job. Other plugins provide a fine-grained monitoring ability, even
down to the execution of a single command. The package providing this functionality
is the Job Execution Monitor (Jem) [[127, [128| [129] [130]], developed entirely at the
University of Wuppertal. It is able to supervise the execution of single commands in
script files or binary executables and provides information on running jobs nearly in
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Tier 0 Tier 1 German Tier 2
Albert-Ludwig University Freiburg

SARA-NIKHEF (Amsterdam, NL) University of Wuppertal
IN2P3 (Lyon, FR) Desy Hamburg
INFN CNAF (Bologna, IT) DEsy Zeuthen
RAL (Didcot, UK) Institute for Algorithms and
TRIUMF (Vancouver, CA) Scientific Computing (St. Augustin)
FNAL (Chicago, USA) ITWM (Kaiserslautern)

CERN GridKa (Karlruhe, DE) Georg-August University Gottingen

PIC (Barcelona, ES)
ICEPP (Tokyo, JP)
CERN (Geneva, CH)
ASGC (Taipei, TW)
BNL (Berkeley, USA)
NDGF (Scandinavia)

GSI (Darmstadt)

Ludwig-Maximilian University &
Leibniz Centre for Computing (Munich)

Institute for nuclear physics (Heidelberg)

Institute for physics
& Computing centre (Garching)

RWTH Aachen University
Friedrich-Wilhelm University Bonn
Technical University Dortmund

Table 4.4: LCG model of hierarchical analysis centres. Subsequent fractions of data are
distributed among 12 national Tier-1 centres. In Germany, the Karlsruhe analysis
centre distributes event files among 14 Tier-2 centres at various institutes.

realtime. This function is provided also as an independent package, so that JEmM can
be used as a standalone monitoring application.
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The Job Execution Monitor and
the Grid Expert System

“When we dream alone it is only a dream
but when many dream together

it is the beginning of a new reality.”

— Friedensreich Hundertwasser

The grid approach of connecting thousands of computers is a powerful tool for provid-
ing huge amounts of computing power and data storage to a large number of users.
Nevertheless, all components of such a complex compound have to be maintained con-
tinuously as they are at risk to a wide variety of errors. The task of discovering such
errors and quickly finding solutions to fix them is split into two parts. The first step
consists of gathering of information about running jobs and their environment. The
Job Execution Monitor (JEM) has been developed to supervise the execution of jobs on
a Worker Node as well as the status of the Worker Node itself while the job is running.

In a second step, collected information is fed into an expert system which has been
developed as part of this work. It is able to find correlations between different jobs
and localise the sources of occurring errors. It is also able to suggest possible solutions
in case of discovered error conditions.
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5.1 Job Monitoring

The grid is an accumulation of a
huge number of different comput-
ers with different setups, scattered
across the world. With large differ-
ences among all components of the
grid, there are many possibilities of
upcoming error conditions which in-
fluence the successful processing of
jobs.

The available grid middleware of-
fers only limited capabilities for
monitoring jobs. The main purpose
of the middleware is the transport
of the job from a user interface to
a worker node and backtransport of
its result.

As such, the middleware does not
evaluate the result of a processed
job. Among the 10 defined states of
jobs, shown in figure the mid-
dleware only knows four possible
states for finished jobs which have
the following meaning.

i cancelled

submitted

waiting

— scheduled

running

What is going
on here ?

rted

Y
{done (failed)}--" ( done (ok) )

cleared

Figure 5.1: States of a grid job. Successful

jobs have to finish into the ok state.
Error conditions lead to failed jobs.

ok The job finished successfully. No error was encountered. Nevertheless, it is pos-
sible for some commands to fail, but the job is able to continue. A possible
scenario is a job of an event generator that wants to copy the generated events
to a storage element. If the storage element is unreachable, the file transfer will
fail. As the file transfer is not critical to the execution of the job, it could exit
successfully although the task is not completed.

failed The job ended in an error condition. If the error did not affect the result of the
job or the error occurred after the result was generated successfully, the error
could be ignored. This could be the case if the job in the above scenario checked
the success of the file transfer. In case of a failed transfer the job could exit with
an error message and a non-zero exitcode.

cancelled The job was cancelled by the user before it was finished. This is not a
severe error condition because the user knows the reason for cancelling the job.

76



5.2. The Job Execution Monitor

aborted An error condition occurred which prevented the job from being executed.
This is the most severe error condition because all data of a job is deleted. No
output sandbox can be received and no further information is available about
the status of the job. A possible scenario for this condition is an expired proxy
certificate. After expiration the job has lost its permission to receive grid re-
sources and is aborted.

In about 15-20 % of all cases, a job is not able to finish successfully. Job errors can
be divided into two categories, depending on who is responsible for the failure. Job
errors may be caused by fault-intolerant programs that do not check for unexpected
conditions. Such programs quickly run into error conditions that cannot be recovered
any more, e.g. a segment violation. A second source of errors comes from the environ-
ment, which can run out of resources, e.g. a worker node does not have any space left
on a hard drive. Such site errors may indicate a failure in hardware or the need for a
reconfiguration of the system infrastructure. Both types of errors cause the job to be
aborted because the failure prevents a further execution. In case of aborted jobs, the
output sandbox cannot be retrieved, so that no information is available on the actual
reason for a failed job.

5.2 The Job Execution Monitor

In order to determine the source of an error, detailed information about the execution
of the job is needed. This information has to be collected and made available during
the runtime of the job, because it is not possible to recover any information from an
aborted job. For this purpose, the Job Execution Monitor [[I31], [127] [128] [129] [130]
was developed at the University of Wuppertal. It is a tool that is able to monitor and
keep track of the execution of single commands of a job. Initially designed to execute
script files command by command, it is now also able to monitor the execution of pre-
compiled binary programs at the level of single commands. With these features, every
command can be checked on its success while it is executed. In case of a failed com-
mand, detailed information can be provided on the history of preceding commands so
that the source of the failure can be easily traced and identified.

5.2.1 Requirements

The Job Execution Monitor is a tool intended to be used by an ordinary grid user. As
such, it has to meet several requirements in order to be accepted.
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transparency All jobs monitored by JEM have to run in exactly the same way as with-
out JEM. The Job Execution Monitor is not allowed to change the behaviour or
the result of a job. In an ideal situation, the user does not even notice his jobs
being monitored.

robustness It is the aim of JEM to discover and report failures in a user’s job. As the
error rate does not have to be increased by Jewm, it has to be prevented from
generating additional errors. For this reason, there is a fallback mode in case of
errors with Jem itself. An internal error forces JEM to be disabled and the job
is executed without additional monitoring. This ensures a safe job execution
without additional failures.

user-friendliness An important criterion for the acceptance of JEM is its ease of use.
All controls have to be kept as simple as possible so that users can learn quickly
how to use it. With the integration into the GANGA environment, initially im-
plemented by Martin Rau [[132]], JEm can be invoked by just one switch in the
GANGa interface. Job information is collected in the background and provided
to the user.

modularity With future extensions in mind, e.g. additional features or bugfixes, the
system had to be built in a modular way so that changes to one module do not
affect other modules. Another advantage is an easy way to add or remove differ-
ent components such that the user has the option to choose which components
of his job should be supervised, i.e. it is possible to define which script languages
should be monitored.

shell scripts A typical job usually does not start with a binary executable, but with
a shell script which is responsible for setting up the environment for the main
executable. This includes setting environment variables or downloading files of
data. As many errors are known to occur in this setup, JEM has to be able to
supervise the success of shell script commands.

Python scripts The ability of monitoring Python scripts was a request of the High
Energy Physics Community Group (Hercg). A large fraction of analysis frame-
works of the LHc experiments, such as ATHENA or Gaudi, are written in Python.
There are also many modules written or modified by users, which are therefore
prone to errors. Thus, the JEM substantially benefits from the ability of monitor-
ing Python scripts.

In its current state, all of these requirements have been fulfilled and even surpassed in
some aspects.
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5.2.2 Structure

The Job Execution Monitor consists of two main parts, one on the user interface and
another part which is submitted together with the job to the worker node, like it is

shown in figure

The Jem introduces several new actions to the usual processing

of a job. When JeM is used, a job is processed according to the following steps which
are presented for an ATHENA job, but are also valid for any other type of job.

e The user defines a job. This can
be done with a framework like
GANGA or by writing the JDL file
by hand.

* Before submission, the job de-
scription is modified. The worker
node modules of JEm are added
to the input sandbox and the
initial command of the job is
changed to first execute JEM
which in turn starts the user’s job.
After job modifications are com-
plete, the job is submitted to the
WMS as usual.

* A receiver for monitoring infor-
mation has to be started on the
user interface. This is either
done automatically by GANGA or
can be done manually. The re-
ceiver records monitoring infor-
mation and provides it to sub-
sequent modules for further pro-
cessing or analysis.

User-Interface machine (Ul)

Job preparation / submission tool: Ganga

JEM Ul module

- e Internet / grid

Grid Worker-Node machine (WN)

Grid job executable (generated launcher script)

JEM WN module
JEM script wrapper

Data acquisition L
and transmission s

JEM Clracer 7

Figure 5.2: Scheme of the Job Execution

Monitor [133]. Monitoring modules
are added to a job on the user inter-
face, which supervise the execution
of the job on a worker node.

* On the worker node, JeM is started as the first executable. Before the actual job
is launched, JEM starts the system monitors to record resources of the worker
node and the module for data acquisition and transmission.

» JEM starts the user’s job. Script files are executed and supervised by the script
wrapper module where all parameters and return values of script commands
can be monitored. Binary executables written in C/C++ can be supervised by
the CTracer module if they have been compiled accordingly.
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* Monitored information is collected by the acquisition and transmission module
which sends it to the appropriate receiver on the user interface. This way, the
user can get realtime information about all jobs currently executed. In case of
an error, the user can revisit the last commands, their parameters and return
values which can give hints about the reason for the failure.

The current structure of JEM consists of many modules of which each is responsible for
a special task. The main modules are described briefly in the following list.

Bash Wrapper After first implementations of a Bash interpreter by Dimitri Igdalov [[134]
and Ahmad Hammad [135]], Andreas Baldeau introduced a new approach to
monitor Bash scripts with a slightly modified version of the Bash shell [[136].
It is extended with a module that reports all commands to be executed in ad-
vance and after they have finished along with all input variables, command line
arguments, return values, exitcodes, inputs from the stdin and outputs to the
stdout and stderr streams.

Python Wrapper The Python wrapper originally was introduced by Joachim Clemens.
It is able to monitor a given Python script through the tracing capability of
Python. Available types of monitoring data include function calls and returns,
exceptions, current values of local variables, and the currently executed line of
code.

GaNGa interface The integration of JEM into the GANGA framework has been achieved
by Martin Rau [[132]]. When defining a job description, an additional option has
been introduced to automatically include JEm with the job.

CTracer Tim dos Santos extended the ability of JEm to not only monitor the execution
of script files, but also supervise the execution of binary executables, written in
C/C++.

System Monitor The System Monitor is a component which runs in parallel to the
user’s job. It is responsible for watching the environment and system resources.
Monitored quantities include

* processor workload,

* incoming network traffic (summed over all network interfaces),
* outgoing network traffic (summed over all network interfaces),
* available memory,

e available space in home directories,

* available space in /tmp,

* available space in the current working directory,

* partitions with less than 100 kBytes of available space.
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nane@charn:~> voms-proxy-init --vems atlas
Enter GRID pass phras
ir

ertal/CN=Markus Mechtel

Done

C=cern/0OU=computers/CN=voms.cern.ch] "atlas" Done
Done

2010

nane@charn:~» export GANGA_CONFIG_FATH=GangalEW/JEM ini
nane@charn:~> /griddata/gridsoft/local/musnchen/ganga/install/s.5. 12/bin/ganga

cern.ch/ganga
line he

This is fr

to redistribute it
under certa 1

In [1]

Figure 5.3: Initialisation of GaNGA. A proxy certifivate is needed to submit jobs to the
grid. GANGA provides a comfortable command line interface, which supports Python
syntax for commands.

With this information it is possible to discover job failures which may not be
caused by the job itself, but because of insufficient system resources.

The core system in its current state has been implemented by Stefan Borovac. Col-
lected data of all components are sent to the central communications module which
sends all information to a listener module on the user interface where messages are
decoded and provided to the user.

5.2.3 Usage

The integration of the Job Execution Monitor into the GANGA framework makes it easy
to use. The following steps show how to define, run and monitor a simple job with
JEM using GANGA.

Starting Ganga Initial steps are shown in figure|5.3| First a grid proxy certificate has
to be derived from the user’s grid certificate. This is done via the voms-proxy-init
command on the user interface. The job is allowed to run as long as the proxy
certificate is valid. The optional argument --voms atlas stores the user’s mem-
bership in the virtual organisation atlas inside the proxy certificate. Addition-
ally, the environment variable GANGA_CONFIG_PATH has to be set, so that GANGA
is able to find the configuration file of JEm. After that, GANGA can be started
from the command line as usual.

Job Definition The job has to be defined in GanGa as shown in figure The first
step is to define the middleware. In this case, the job is submitted to the grid
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In [11§ = Job()

i .backend = LCG()

backend middleware = 'glite’

application = Executable ()

application. exe = File("test-prine-nunbers. sh")

application.args = ["100

In [71 1. inputsandbox = ["test-prime-numbers py"]

In [2]:1.1nfe.mondtor = JobExecutionMonitor ()

In [91:1.1nfo.mondtor.realtime = True

In [181:1.1nfo.monitor. advanced.bashmonttor disable = False
In [11]:i.info.monitor.advanced.pythonmonitor.disable = False
In [12]:3i.info.monitor.advanced.ctracer disable = True

In [13]:3 . submit()

INFO submitting job 27
job 27 status
Enabling JEM
submi tting

ev.Lib
nga ev.Lib
ngalEH.Lib. JEM out
a GPIDev. Adapters
JEM
b. JEM
b. JEM
b. JEM
v.Lib

Figure 5.4: Job definition and submission via GANGA. After the job is defined, the Job
Execution Monitor is added to the job description.

via the gLite middleware. Secondly, the job itself is configured by defining the
executable file, the command line arguments to the executable and additional
files to put into the input sandbox. After that, the job monitoring is configured
by activating the Bash and Python monitors of JEM. Finally, the job is submitted
to the grid.

Job Monitoring Running jobs can be monitored within GANGA. Apart from the usual
commands of GaNGa for monitoring jobs, JEM provides mechanisms to view job
outputs, executed commands, occurring exceptions and other data at runtime.
Figure|[5.5]just shows three possible monitoring commands including a snapshot
of the current job output.

The Job Execution Monitor provides the ability to monitor the execution of every com-
mand executed on the worker node. This information provides valuable data to check
the state of jobs while they are still running. Future versions of JEm, as they are being
developed by Tim dos Santos, are planned to provide also a graphical view of moni-
toring information. With this tool, it is also possible to check system resources during
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In [65]:jobs
out[6%]:
Registry Slice: jobs (8 objects)
fqid | status | name | subjobs | application | backend | backend actualCE
26 | completed | | | Executable | LCG |griditcedl na infn it:2119/jobnanager-legpbs-
21 | completed | | | Executable | charm.physik.uni-wuppertal . de
24 running | | | Executable | CG |lcgceatlas.dnp. fmph.uniba.sk:2119/jobmanager-
| | | |
| | | |

,_
o
A
o

26 | completed Executable LCG |lcg-ce.rcf.uvic.ca:2119/jobmanager-lcgpbs-gen

27 | submitted Executable CG | ced7.pic.es:2119/jobmanager-lcgpbs-glong_sl15
In [76]:jobs(26) .info.monitor getStatus()
GangalEM.Lib.JEM.out INFO Job execution finished. No new data will be received.
GangalEM.Lib.JEM.out INFO current job status
status (middleware) © Done (Success)
status (user application) : Finished
job-id o https://glite-wms.physik.uni-wuppertal.de:9000/PrEyXwX5jjjkxUrI4Zsni0
compute element : lecg-ce.rcf uvic.ca:2119/jobmanager-lcgpbs-general
exceptions logged B
In [71]1:jobs(26) .info.moni tor pesk(50)
GangalEM.Lib.JEM.out : INFO Job execution finished. No new data will be received.
GangalEM.Lib.JEM.out : INFO peeking at output (last 50 of stdout. skipping @)
(31 3 12:27:36.344 | calculating prime numbers from 1 to 1@
30 3 12:27:36.731 | Initialising.
29 ) 12:27:36.752 | Running..
Q28 3 12:27:36.757 | prime numbers from 1 to 108
@7 ) 12:27:36.783 | 2
(26 ) 12:27:36.768 | 3
(25 ) 12:27:36.773 | 5
24 ) 12:27:36.778 | 7
23 ) 12:27:36.783 | 11
22 ) 12:27:36.788 | 13
21 ) 12:27:36.793 | 17
20 ) 12:27:36.798 | 19
(19 ) 12:27:36.803 | 23
(18 ) 12:27:36.808 | 29
(17 ) 12:27:36.813 | 31
(16 ) 12:27:36.818 | 37
(15 ) 12:27:36.823 | 41
(14 ) 12:27:36.828 | 43
(13 ) 12:27:36.833 | 47
(12 ) 12:27:36.838 | 53
(11 ) 12:27:36.843 | 59
(10 ) 12:27:36.848 | 61
[&] ) 12:27:36.853 | &7
(8 ) 12:27:36.858 | 7.
7 ) 12:27:36.863 | 7.
(3 ) 12:27:36.868 | T
(5 ) 12:27:36.873 | 83
(€] ) 12:27:36.878 | 89
3 ) 12:27:36.883 | 97
@2 ) 12:27:36.888 | Finished
1 ) 12:27:36.893 | calculation finished

Figure 5.5: Job monitoring in GaANGA with JEM. The Job Execution Monitor provides access
to job output, even while the job is still running.

the complete runtime of a job so that their development in time can also give hints for
reasons of job failures.
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5.3 The Grid Expert System

With many thousands of CPUs, the Worldwide LHc Computing Grid (WLCG) is the
largest compound of computers in the world. In such a complex system, there are
unfortunately many sources of failures and errors. In many cases, the origin of an
error is difficult to determine, but the combination of information from many failed
jobs may help to find the real source of an error.

The most important indicator of a failure is a large number of jobs not finishing success-
fully. The next piece of information to determine is, whether the failure was caused
by an error in the job itself or in the environment where the job was executed. This
question is often difficult to answer for a single job and can only be estimated when a
large number of failed jobs from different users are taken into account.

Two scenarios can be taken as templates for these two types of job failures:

job error The job is misconfigured, e.g. the proxy certificate of a job is invalid or the
job tries to access a non-existent file. In this case the job will fail, regardless of
the worker node it is tried to run on. As a typical user usually submits many
jobs at the same time, all jobs of this user will fail.

infrastructure error A worker node is misconfigured, e.g. one of its hard disks has
run out of space. In this case all jobs run on this specific worker node will fail,
because they cannot store needed information on disk.

Although real situations may be more involved than these two cases, in principle they
can be divided into these two types of errors. Jobs of a specific user may fail on many
sites, but may also be successful at other sites because each site may have a special
setup preventing a specific error scenario. On the other hand, jobs may fail on a
worker node only if they come from a specific VO. Tracking of errors may be difficult
in these cases.

The Grid Expert System [[127,[130], which was developed as part of this work, is a tool
to address these kind of problems in the grid or in user’s jobs. In addition, it provides
the ability to suggest suitable actions to solve a given problem. It is built to support
users as well as site administrators to trace sources of error conditions and help them
to correct encountered errors.

5.3.1 Expert Systems

Expert systems are complex computer systems which are able to draw conclusions
from a given set of input data, based on a predefined set of rules. They conserve
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knowledge about a specific domain where no human expert is available or the specific
system is too large to be covered by only one expert. The knowledge is provided to
ordinary users who are not familiar with the topic.

Knowledge Base

Explanation Knowledge
and Interview Aquisition

User Expert

Figure 5.6: Structure of an expert system. Data is fed into the system as facts by a
data taking component. Rules determine all conclusions drawn from known facts.
The inference engine matches rules against available facts. Users may view and
manipulate facts and rules through a user interface, which can have a specialized
mode for experts.

Expert systems consist of many interacting components. A schematic diagram of these
components and their relations is shown in ﬁgure The expert system collects raw
data about the considered system via the data taking component. Gathered informa-
tion is stored as facts in the knowledge base. The knowledge base holds all variable
data of the expert system. Apart from the currently relevant facts, there are also the
known rules and their current activations.

The rules represent all knowledge of the expert system about the specific domain. Each
rule consist of a condition that has to be matched by facts and a conclusion, which is an
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action to be performed. If all conditions of a rule are satisfied, the condition becomes
active and is appended to a list of all activations.

The component to process all rules and match them against all known facts is called
inference engine. This part is the core of every expert system. It implements the Rete
algorithm [[137]], which is an efficient method to match a large number of conditions
and facts against each other. The Rete algorithm recognises equal parts in conditions
of different rules and evaluates them efficiently so that the number of comparisons is
optimised and reduced significantly.

Results after evaluation of all rules are presented to the user, which may by a solution
to a current problem. It is also possible to request additional information from a user,
if the system has not enough information to draw a conclusion. Experts may also
add new rules to extend the abilities of the expert system. These rules are stored in
a rule base until they are confirmed and inserted into the expert system. Thus, the
knowledge and characteristics of the expert system are given completely by the set of
defined rules.

5.3.2 Requirements

The grid expert system is a tool meant to be used by the ordinary grid user as well as
site administrators. To reach this goal, it has to match some design criteria, which help
users accept the new tool as well as its developers to quickly implement new features
and fix experienced shortcomings. Among these requirements are the following.

modularity The expert system has to be able to retrieve its information from sev-
eral different sources in order to gather as much information as possible about
failed jobs. On the other hand, it is necessary to provide several different user
interfaces, depending on who is using the system, a typical user or an expert
maintaining the system. As every component should be able to be replaced or
changed separately, the core system also has to manage all these components
separately, which means that all components have to be built as modules or
plugins, communicating via a common, standard interface. With this approach,
each component can be changed independently, without influencing other com-
ponents.

user-friendliness In order to be easily usable, there has to be only a small number
of possible commands with which the system can be controlled completely. As
much as possible has to be done automatically by the expert system, because
the user does not want to deal with technical details, but is only interested in
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the result. The system has to deal automatically with obvious tasks, without
disturbing the user.

clear interface The user interface has to be designed to allow an easy and quick
access to all available functions and information. Suggested solutions have to
be presented clearly and easily understandable. They have to be explained in
detail. A possible solution could include a list of actions necessary to implement
the solution.

partial diagnostics As not all possible solutions can be known to the system from the
beginning, the list of known solutions has to be extended with time. Thus, at the
beginning, only few solutions are known. The system has to provide its current
information to the user, even though a complete solution is not known, because
it may be possible to exclude some sources of errors or get hints from known
information. In this case, the system could present a list of sources which still
can cause the problem after consideration of all known information.

security It is necessary for the expert system to gather information about all kinds
of jobs from many different users. Therefore, it could be possible for a user
to retrieve information about other users’ jobs. As these data are potentially
critical, the grid expert system has to ensure, only authorised users are able to
retrieve information about their own jobs.

client/server architecture Not every computer is allowed to connect and retrieve in-
formation from the grid. In order to provide a way to monitor grid jobs from
everywhere, the grid expert system is divided into a client and a server com-
ponent. The server collects all information and runs the actual expert system.
The client just connects to the server and displays its information. With this
approach, information also has to be processed once on the server. The client
can be a simple machine without any special requirements.

The grid expert system shares some of these requirements with a second expert sys-
tem developed in parallel by Tobias Henf? for the Atras detector control system. The
purpose of the Pixel Advisor expert system [138]] is to help the responsible shifter for
the Atras pixel detector spot possible problems in its operation and advice him to take
appropriate actions.

Despite both expert systems have many requirements in common, the task of the Pixel
Advisor expert system differs significantly from the purpose of the grid expert system
in some aspects. Important difference between both systems are the following.

protection The Pixel Advisor assists the current shifter to handle problems in the op-
eration of the AtLAs pixel detector. This piece of hardware is the innermost part
of the AtLAs detector. It can be controlled completely from the Arras control
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room. Thus, it is also possible to set up dangerous environmental conditions,
that could damage the hardware without a possibility to replace a failed compo-
nent. Therefore, the Pixel Advisor has to be extremely careful in its suggestions
in order not to give an advice that could be dangerous to the detector. This is
also the reason why the Pixel Advisor is not allowed to take automatic actions
that have not been controlled by a human expert.

On the other hand, the grid expert system only gives advice about some pieces
of software. Advice given by the grid expert system could also be dramatic, e.g.
if a site fails to be operational after applying a solution suggested by the expert
system. Nevertheless, such a failure could always be recovered as no critical
component can be damaged permanently.

security Access to grid resources is always authenticated via a valid grid certificate.
No action can be performed without such a certificate. Thus, the grid expert
system and its users have to authenticate themselves in order to access grid-
related information. This has to be done twofold. On the one hand, the grid
expert system has to provide a certificate for itself in order to access and collect
information about grid jobs. On the other hand, the expert system has to check
the identity of a potential user, who has to provide a certificate to the expert
system in order to retrieve its collected information. As the user may contact
the grid expert system from any computer, any connection between the client
and the server has to be encrypted, so that information can only be read by
authenticated people.

In contrast, the Pixel Advisor does not need any authentication or encryption,
because the pixel detector can only be accessed from dedicated servers in the
AtLAS control room. As access to these computers is already controlled by the
ArtLAS collaboration and the CERN infrastructure, no additional effort is needed
to protect these computers from unauthorised access.

In order to minimise work on the expert system and to prevent double developments
of the same features, it has been decided to develop a common core system for both
expert systems, called UnifiedXP. With this approach, only data taking components and
specific sets of rules have to be developed separately, but both systems can combine
their best features.

5.3.3 Structure of the Grid Expert System

As expert systems are being used in many different areas, there are also many different
implementations of basic functionalities. These packages are called expert system shells
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and can be used to set up actual expert systems. After comparison of several expert
system shells, it was decided to build the grid expert system as well as the Pixel Advisor
on JBOSS Rules [[139]] which is part of the free JBOSS software repository, written in
Java and maintained by the RedHat Company.

On top of the basic expert system shell, further components have been developed in
collaboration with Tobias Henf3, Denis Huning and Frank Iker, which unify the core
of the expert system and its handling of input data and facts via common interfaces.
With this approach, also the user interface could be unified so that it is able to display
all relevant data of both expert systems, the Pixel Advisor as well as the grid expert sys-
tem. The only two components that cannot be unified among different expert systems
remain to be the data taking component and the specific set of rules. Detailed infor-
mation about the unification of expert systems can be found in the theses of Tobias
HenR [138]], Dennis Huning [[140] and Frank Iker [[141]]. Core features of UnifiedXP
are the following.

unification of data handling All facts are stored in a common structure, which is
called Storeable and allows to represent all needed types of data. This en-
ables a standardised interface for inserting data into and retrieving data from
the UnifiedXP Thus, it is possible to easily exchange all components interfacing
the expert system such as data taking and graphical interfaces. Unified objects
for data exchange are the basic structures which make a unification of expert
systems possible.

user interface With unified data handling, also a unified representation of these data
becomes possible, i.e. the user interface can be developed such that it can rep-
resent data of any expert system built upon UnifiedXP

client/server architecture As a requirement for the grid expert system, the client
and server components are split into two independent parts which communicate
via network connections. Data is exchanged in form of Storeable objects. With
this architecture, the client is able to handle all types of data and can be used
for any kind of expert system.

encrypted data transfer Separate client and server components which communicate
over network make it necessary to encrypt their exchange of data so that no
information can leak to unauthorised listeners. Encryption is realised by a usual
Secure Socket Layer (SSL) protocol, after the client has authenticated itself with
the user’s grid certificate.

Although a client/server architecture and encryption was not necessary for the Pixel
Advisor, it benefits from these features such that it is now in principle possible to
monitor the ArLas pixel detector from any computer through a secure connection.
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Nevertheless, this opportunity is strictly limited by CERN and ATLAS security policies.
Internet connections from the control server of the ArLAs pixel detector are strictly
forbidden to prevent any intrusion from outside which could lead to a severe damage
to the detector.

In addition to these features, which the grid expert system inherits from UnifiedXB
system-specific components of GridXP provide following features.

data taking The main source of data for the expert system is the Relational Grid
Monitoring Architecture R-GMA [[142]]. This distributed database collects infor-
mation about all jobs processed in the grid. Information can be retrieved by
queries following the Structured Query Language (SQL) [[143][144].

As a distributed database, R-GMA has to collect requested information from
several different sites, which may take a considerable amount of time. Therefore,
information required by the expert system cannot be fetched as needed, because
it could take an undetermined time until the piece of information actually can
be retrieved. For this reason, there are always some requests running in parallel
tasks to the expert system. They continuously retrieve information from R-GMA
and feed it into the expert system as new facts.

rule base The above constraint on information retrieval has a significant influence on
conclusions that can be drawn from available information. As it is not possible
with R-GMA to request a specific piece of information when it is needed, the
expert system often has to deal with limited data about job failures at all times.
Thus, conclusions can be rather unspecific. In some cases, no conclusions can
even be drawn at all.

In general, implementation of a new expert system has become relatively simple when
building it upon the developed UnifiedXP base. From a user’s perspective, all expert
systems based on UnifiedXP can be handled in the same way as described in [[138].
Thus, for an extensive description on the user interface of the expert system and more
details about UnifiedXP, the reader is referred to that document.

5.4 Conclusion

Monitoring grid jobs has become an important task to determine problems in the grid
infrastructure. The Job Execution Monitor provides a large amount of information
about running and also failed jobs. With JEm it is possible to trace back error conditions
to their sources. It is then possible to prevent similar errors from occurring again.
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With its integration into the GANGA framework, adding and using JEM with a user’s job
has become an easy task which can be done with just a few lines of GANGA commands.
With its modular structure and possibilities to monitor bash and Python scripts as well
as precompiled programs, it exceeds monitoring capabilities of all other monitoring
packages.

When run with a large number of jobs, it also provides useful information about the
status of grid sites which the jobs run at. Therefore, also site administrators can
benefit from using Jew, if information from many grid jobs is analysed with respect to
site-specific problems.

Analysis of grid job failures is done by the grid expert system, which tries to find
sources and also solutions to encountered job errors. To minimise necessary develop-
ment, most components of the grid expert system have been unified with the Pixel
Advisor. Unification has been a large effort for building new expert systems. Only the
data taking component and rules have to be built from scratch. All other parts can be
reused without any changes for every expert system. The client/server architecture
makes it possible to run the user interface on almost every computer with an internet
connection. Encryption and authentication provide a secure way of handling collected
information.

Although the Pixel Advisor is still being developed and used to help controlling the
Arras Pixel detector, the grid expert system has undergone a focus shift. Instead of
having an independent expert system for analysing data of all grid jobs it appeared
appealing to merge the expert system with the Arras Dashboard [[145] project, which
already collects large amounts of job and site specific information and presents it in a
summarising collection of web pages. This way, the system does not analyse all grid
jobs any more, but only AtLas-specific jobs. On the other hand, the dashboard already
grants access to a huge amount of collected data from simulation jobs as well as users’
analysis jobs in the ATLAS community.

Currently, the Job Execution Monitor and the analysis of grid failures and their so-
lutions are maintained and further developed by Tim dos Santos and Frank Volkmer,
respectively, during their PhD theses.
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General Strategy of the tt
Resonance Analysis

“The difference between fiction and reality?
Fiction has to make sense.”
— Tom Clancy

There are many theoretical models predicting heavy particles decaying into a tt pair
of quarks. Depending on its quantum numbers, a tt resonance may exhibit strong
patterns of interference with top quark pair production in QCD. Such interferences
may alter the strength of a signal for the respective resonance. In some cases, the
interference enhances handles for distinguishing the resonance from tt production
in QCD. The significance of these models is increased by the interference. In other
cases, an interference may have a negative effect on the significance of a model. The
interference can decrease the strength of a signal.

As a result, predictions from studies ignoring any interference have to be adjusted.
Exclusion limits have to be revised with respect to changed significances. This study
investigates effects of interferences on exclusion limits for various tt resonances.

6.1 Search Strategies for Fermion-Antifermion Resonances

Studies of resonant fermion-antifermion production have a long tradition, beginning
with the lightest mesons n°, 1 and p. Discoveries of heavier quark-antiquark reso-
nances like the ¢, J/v¢ and T mesons lead to evidence for the strange, charm and
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Resonances like the ¢, J/3p, T mesons or the Z° boson are visible as sharp peaks in
both distributions.
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bottom quarks respectively. Finally, the discovery of the Z° boson was a great success
for the Standard Model.

Figure shows the total cross section for hadron production in e*e™ collisions. All
resonances mentioned above can be clearly identified as outstanding peaks in the
spectrum.

Unfortunately, in hadron collisions the partonic centre-of-mass energy cannot be de-
termined precisely like in e*e™ collisions. All partons of a proton carry only a fraction
of the total proton momentum, but the exact amount is unknown. In most cases, col-
liding partons have different momenta such that their centre-of-mass system is not at
rest and the hard event is Lorentz-boosted along the beam axis.

Additionally, the final state contains many particles from minimum bias and under-
lying events. Cross sections for interesting processes are orders of magnitude lower
than the total cross section, as can be seen from figure Therefore, studies of tt
resonances first have to sufficiently suppress background events before a significant
contribution from an unknown resonance can be revealed. In this case, the mass
equivalent of the partonic centre-of-mass energy +/3 is also called the invariant mass
of the tt pair
m*c* =5 = (p, +pp)* .

Here, m is the rest mass of a potential particle decaying into the top quark pair. If a
large range of /5 is scanned, an unknown particle would reveal itself as a peak in the

invariant mass distribution also denoted as the differential cross section ddTo.

tt

To effectively select tt events and also reject non-tt events at the same time, the
events have to match certain criteria, called cuts, which require characteristic features
of the interesting processes and distinguishes them from background events. These
criteria often require a minimal number of jets with a minimal transverse momentum.
If electroweak processes are involved, the requirement of at least one charged lepton
is a good method to suppress pure QCD reactions. The next section describes the
selection and analysis technique used in this study.

6.2 Reconstruction of Semileptonic Decays

In order to determine the invariant mass of a Top-Antitop pair of quarks, the events
have to be selected among a huge background of other processes and the final state
objects in each event have to be reconstructed and identified.

The selection is done by application of suitable cuts which are determined by the
characteristics of a semileptonic ¢t event. As can be seen from figure the final
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state of a semileptonic tt decay contains a charged lepton, a neutrino, two b quarks
and a pair of quarks from the hadronic W* decay.

8

8

Figure 6.2: Structure of a typical semileptonic tt process. Both top quarks produced in

the hard process (blob) decay into a W and a b/b quark. One of the W bosons
decays into a charged lepton and its respective (anti-)neutrino. The other W boson
decays into two different quarks.

These final state particles determine the required cuts. A typical semileptonic ¢t selec-
tion requires the following features for an event.

* At least one charged lepton. A lower limit is required for its transverse momen-
tum to raise the probability of it coming from a W* decay and to guarantee an
accurate energy measurement.

* The neutrino also carries away a similar amount of energy and momentum as
the charged lepton, but it cannot be detected in the experiment. Therefore, a
large amount of missing transverse momentum is a second criterion.

* The four quarks manifest themselves as jets with high transverse momentum.
Often only three jets are required by the selection in order to keep events where
two jets are boosted into the same direction or one jet is lost in an insensitive
region of the detector. Usually, jets with the highest transverse momentum are
selected, assuming they originate from the hard process and have a transverse
momentum higher than a certain threshold.

Major background events faking a tt signature come from processes like W*-+jets
production or QCD multi-jet processes, where one jets is misidentified as a charged
lepton. Existing studies of tt events show, that these backgrounds can be sufficiently
suppressed and handled appropriately, so that it is appropriate to concentrate on the
actual tt channel in this study.
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cut threshold efficiency

no cut — 100 %

py > 256/

1 isolated e* or u* 34.36%
|n| <137 0r 1.57 < |n| < 2.47

missing momentum p > 256G/ 63.7 %

3 jets p1> 406 71.83%

|n| <25

Table 6.1: Cuts applied to all simulated tt events. Selected objects have to exceed certain
thresholds in transverse momentum to suppress similar events from non-tt processes.
Cuts in n are applied to exclude regions of the detector with reduced sensitivity to
the respective objects.

Cuts used in this work are summarised in table together with a graphical repre-
sentation of their efficiencies in figure and the number of events surviving each
cut in figures|6.4

The major issue in a reconstruction of a semileptonic tt event arises from the unde-
tectable neutrino. It carries away a large momentum, which is considered to be the
largest contribution to measured missing transverse momentum. Only the transverse
component of missing momentum, which is perpendicular to the beam axis can be
used in reconstruction, because the Lorentz boost of the event along the beam axis
is not known as described above. Thus, the z component of the neutrino is a priori
unknown. It can be calculated under the assumption that the charged lepton and the
neutrino come from a W¥ decay, imposing a W* mass constraint on its decay products.
With momentum conservation, the equation

m2,.c?=p%. = (p +p,)°

has to hold, where the p; stand for the 4-momenta of the W* boson, the charged
lepton and the neutrino respectively. By inserting all known momentum components,
this quadratic equation can be solved for the z component of the neutrino p, ,. The
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Figure 6.3: Graphical illustration of cut ef- Figure 6.4: Graphical illustration of the cut

ficiencies for tt events in QCD. Effi-
ciencies are determined for each cut
independent from other cuts such
that all bins are uncorrelated to each
other.

flow for tt events in QCD. The num-
ber of surviving events depends on
efficiencies of all previous cuts. Final
events have to match all criteria of
all cuts.

exact solution is given by
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where E;= is the total energy of the charged lepton.

In case the quadratic equation does not have a solution, p, , is set to zero and the
missing transverse momentum of the event is adjusted accordingly in order to keep
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Figure 6.5: Example tt invariant mass spec-  Figure 6.6: Example tt invariant mass spec-
trum on parton level. The sharp edge trum after semileptonic reconstruc-
at 2m; is clearly visible. tion. The distribution is smeared by

detector effects and the semileptonic
reconstruction of tt events. The ex-
pected total cross section is reduced
by applied cuts.

the whole event consistent. In case of two possible solutions, the smaller z-momentum
is chosen, which has been checked in simulations to provide the correct solution in the
majorityof all cases.

With known momentum of the neutrino, the invariant mass of the tt pair can simply
be calculated as the sum of all 4-momenta of the jets and leptons

4 2
2 2 _
M¢" = | pix +py + ZPi >
i=1
where p; is now the 4-momentum of the i-th jet. Figures and show the tt
invariant mass distribution on parton level and after semileptonic reconstruction with
the above cuts applied.

Applied cuts reduce the number of expected events and, therefore, lower observed to-
tal cross sections. The original distribution of the tt invariant mass shows a sharp edge
at 2m, = 345¢/c2, which is because the pair of top quarks has to have an invariant
mass of at least twice the top quark mass. In this case, both top quarks are produced at
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rest. Any additional amount of energy in an event is used to increase the momenta of
the top quarks. The distribution peaks at an invariant mass of about 400 S¢V/c2, which
means that most probably the two top quarks share a kinetic energy of about 50 GeV.

Compared to the original tt invariant mass distribution, figure shows that the
observable distribution after a semileptonic reconstruction is broadened and smeared
by detector effects and the semileptonic reconstruction of tt events. The expected
total cross section is reduced by applied cuts.

Cuts do not affect all regions of the invariant mass spectrum in a similar way. Fig-
ure shows that events in the threshold region are only selected with an efficiency
of 12.5 %, whereas events above an invariant mass of 2 TéV/2 are selected with an effi-
ciency of 29 %. This is because events with higher tt invariant masses also have jets
and leptons with higher transverse momenta. Therefore, they are more likely being
selected by the above cuts.

6.3 Scaling of Coupling Parameters

The most remarkable sign of a heavy tt resonance is a peak in the invariant mass
spectrum of the top-antitop pair. With negligible interference, the total distribution is
just the sum of a resonance and a QCD tt contribution. As the tt resonance may be
produced via a new force of unknown strength, its couplings and cross section are a
priori unknownand have to be treated variably. In the simplest case without interfer-
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Figure 6.8: Scaling of resonance contribution. The coupling described by a vertex is scaled
by Y¥x. The transition amplitude is then scaled by /x, because it contains two
vertices. Any observable is scaled by k because it is proportional to the absolute
square of the amplitude.

ence, the signal can just be scaled accordingly by a scale parameter x. This leads to a
peak of variable height, corresponding to a scaled cross section of the resonance.

In cases of a non-negligible interference, the distinction between a signal and a back-
ground contribution is no longer valid. The interference closely couples both channels
into a full tt production process. Scaling the resonance contribution cannot be done
simply by scaling final distributions any more. In general, as shown in figure cou-
plings are scaled by a factor of ¥/x in each vertex, depending on the types of particles
the resonance couples to. As every resonance has a production and a decay vertex,
Feynman diagrams and matrix elements with exactly one resonance can be scaled by
J/x. Accordingly, this translates into cross sections and other observables being scaled
by x for processes with exactly one resonance.

Scaling of the resonance contribution in the full samples is more difficult, because
the QCD channel, the pure resonance channel and the interference contain different
contributions of resonances. In general, Feynman diagrams with a different number
of resonances have to be scaled separately and differently.

For this study, relevant Feynman diagrams are summarised in appendix They
only contain one or no resonances. Thus, the absolute square of the matrix element
splits only into three parts, the pure QCD processes which do not depend on the
scale parameter, the pure resonance with linear dependence on k and the interference,
which scales according to /. Cross sections decomposed into these contributions can
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be written as
O~ |'/ﬂ|2 = |'//1QCD + ‘/;'ﬁRes
2
= ’//ZQCD| txK ’%Res

2

*+ 2V - Re (MepMres) - (6.1)

Interference

The interference can be calculated from the unscaled calculations of the pure reso-
nance, the pure QCD tt and a calculation of the full process, schematically described
in figure After the interference has been determined, a new full spectrum can be
calculated with the resonance, QCD tt and interference components scaled separately.
This procedure relies on a consistent prediction of all total cross sections. As inter-

2-Re (‘/ﬂQCD‘/ﬂ_Res) |‘/ﬂQCD + Mres ’ |‘/ﬂQCD|2 |‘/ﬂRes ’

Figure 6.9: Sketch for determination of an interference. The signal and background compo-
nents are subtracted from the calculation of a full process. The remainder represents
the interference.

ferences are calculated as a difference of three independent simulations, all further
calculations rely on an accurate prediction of cross sections by the event generator.
There is no possiblility to vary cross sections of single channels! Calculated cross sec-
tions by the event generator have to be accepted. Nevertheless, it is possible to obtain
distributions with a scaled resonance contribution with the above scaling procedure.

The interference is not directly available as an independent sample, but it can be
determined from the three simulated types of events. To obtain a scaling prescription
containing only the three available types of simulations, the interference is inserted
into equation[6.1] A distribution with a scaled contribution of the resonance can then
be calculated by

{'/ﬂQCD + \/;“//tRes
= |‘//[QCD|2 +K |‘//lRes

2

*+ 27K - Re (Maeo )
= |/”QCD|2 Tk |/”Res ’ +Vk (|/ﬂQCD + Mpes ‘- |/ﬂQCD|2 - |/ﬂRes
= (1 — \/E) |-/ﬂQCD|2 + (K‘ — \/E) |.//[Res

)

2

2
+ VK | Moep + Mies

(6.2)
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6.4. Statistical Analysis

With this decomposition it is possible to generate distributions of the tt invariant mass
with an arbitrary strength of a resonance, if only the three components are known,
i.e. the QCD tt distribution, the pure resonance distribution and the full distribution
including the interference. This method is used later on to reweight events in the full
simulation according to their partonic tt invariant masses in order to obtain scaled
distributions.

The weight of an event is calculated using equation[6.2]divided by the unscaled contri-

bution | Aqcp + Mpes ?_ The distribution of event weights is calculated from the three
distributions of invariant masses at parton level. The resulting distribution is used as
a lookup table of event weights. Therefore, bin sizes have to be balanced between
two extreme cases. High accuracy of event weights require a small bin size and many
bins. On the other hand, this leads to large statistical errors, because each bin only
contains few events. As a compromise, bin sizes have been chosen to span a width of
only 5 S¢V/c2 for parton level distributions.

In order to cover a large range of scaling parameters, each generated sample has been
processed with signal contributions reduced by factors of 0.5, 0.2, 0.1, 0.05, 0.02 and
0.01. Additionally, all signal contributions have been enhanced by factors of 2, 5, 10,
20, 50 and 100. In total, this means, every sample of generated events was processed
13 times, each with a different scaling of the resonances contribution.

Scaling of resonance contributions on parton level exactly follows equation On
the other hand, in nature, all interference occurs between the observable initial and
final states, i.e. between the initial protons and measured long-living particles in the
detector, which usually are photons, charged pions, protons, neutrons, electrons and
muons.

This total interference includes the partonic interference as a major part, but also
incorporates further contributions from many different processes. If the factorisation
theorem is applied, these contributions can be assumed to be small. Thus, they merely
have a negligible impact on the full process. Nevertheless, the unusual treatment of
signal scaling makes it necessary to apply a sophisticated way to calculate sensitivities.

6.4 Statistical Analysis

In order to confirm or falsify a theoretical model, it has to state distinguishable pre-
dictions compared with other models that are visible in measurable quantities. In
experiment, the true distribution of measured quantities can never be determined be-
cause of the limited number of events, i.e. measured quantities always suffer from
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6.4. Statistical Analysis

statistical and also systematic uncertainties. It is therefore necessary to determine the
magnitude of how well a prediction of a certain model matches the measured distri-
bution. This can be interpreted as a probability of the model describing measured
data.

In the modified frequentistic approach [[146]], probabilities are interpreted as relative
fractions of different results in a large number of measurements. The CLg method
determines the quality of predictions of different models compared with predictions
of a reference model which usually is the Standard Model. The likelihood ratio

, (_EQ) _ L(DIHY)
P\72%) T Lo,

is proven by the Neyman-Pearson-Lemma [[I47] to be the optimal quantity to distin-
guish predictions of a signal hypothesis Hg from a null hypothesis H, with respect to a
sample of measured data D. The likelihood L(D|H) denotes a measure for a hypothesis
or a theoretical model H to describe measured quantities D.

In experiments with a limited number of measurements, discrete results usually are
distributed according to the Poisson distribution

X

Ao
P(XM)=;€ ,

where x is the measured value and 2 is the expectation value of the probability distri-
bution. If more than one quantity is available for comparison, e.g. in a histogram of
a binned distribution, the likelihood is given as the product of all probabilities in each

bin
N
L= l_[P(inAi) )
i=1

To speed up computations, usually the logarithmic likelihood

In(L) =Y x,In(A,) = 2, — In(x,!)

is calculated. The absolute value of a likelihood is difficult to interpret by itself. It be-
comes more relevant in comparison with likelihood values for different measurements
or different theoretical predictions.

A measure to quantify differences in predictions of different models is the significance.
In order to quantify discrepancies in predictions of different models, their respective
likelihood ratios are calculated with respect to simulated pseudodata from each of both
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6.4. Statistical Analysis

models. Usually, the Standard Model prediction is considered as the null hypothesis
without signal.

For each model, its respective Q value is calculated as

. L(DolHy)
Qo==2:In 7 1)

~ L(Ds|H)
Qs=-2-In LDJH,)’ (6.3)

where D, and Dy are ensembles of pseudodata, generated under the assumtion of the
H, and Hg hypotheses, respectively. The distributions of Q values for a large number
of ensembles of pseudodata contain information how the two specific models can be
distinguished. The p value of a model with respect to the null hypothesis is defined as

median
QS

I QedQ

bP=—Fe—7T—>

/. QudQ
where Qg‘e@“a“ is the expected median Q value of the signal model. The p value is a
number between 0 and 1. It expresses the probability of a background Q value to
be smaller than the median Q value of the signal distribution, i.e. for a background
ensemble to look like a signal ensemble. If two models cannot be distinguished, they
both have a value of p = 1/2 with respect to each other.

The p value can be converted into an expected significance or sensitivity for an exclu-
sion limit. The frequentistic confidence level (CL) of excluding a certain model is just
1 — p. A common convention is to quote exclusion limits for a confidence level larger
than 95 %, which can be interpreted meaning the following: If there is no resonance
present in nature, measurements of the pure QCD ¢t distribution imitate the presence
of the considered resonance in only 5% of all cases. On the other hand, if there was
a resonance actually existing in nature, the conclusion is more difficult. In this case,
an existing resonance can nevertheless be excluded by 95 % CL, but only with a prob-
ability of less than 50 %. Thus, the probability of excluding a resonance, although it
actually exists, drops below 50 %.

Expressed in terms of Gaussian standard deviations, the sensitivity S is given as
S=+2-erf }(2p—1).

Table [6.2] shows a list of corresponding values for common limits.
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6.4. Statistical Analysis

p confidence level standard deviation
0.5 50% 0o
0.1587 84.13% 100
0.1 90 % 1.28 ¢
0.05 95 % 1.640
1.35-1073 99.865 % 3.00
3-1077 99.99997 % 500

Table 6.2: Commonly used values for one-sided limits. Exclusion limits usually are given
with 95% CL. Evidence for new signals has to exceed 30. Discoveries of new
phenomena have to exceed 50.

6.4.1 Determination of Significances

Two model predictions are compared by generating pseudodata for each model and
comparing them with both exact model predictions. Pseudodata is generated in form
of histograms, simulating a measurement of the respective model with a predefined
integrated luminosity, also called ensemble. This is done in two steps:

* determination of the expected total number of events,

* filling the histograms according to the theoretical prediction.

The expected total number of events N is calculated from the integrated luminosity £
and the total cross section o of the process via

N=%-0-¢, (6.4)

where ¢ is the efficiency of all selection cuts, which reduce the number of observed
events. As the number of observed events in experiment is a discrete number, its
value follows a Poisson distribution. Therefore, N is smeared accordingly in all bins of
generated ensembles.

The determined number of events is filled randomly into histograms for the signal
ensemble D¢ and the ensemble for the null hypothesis D, distributed according to the
exact predictions of the respective models Hg and H,. This procedure automatically
generates Poisson distributed numbers of entries in each bin of the ensembles.
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Figure 6.10: Example of expected numbers
of events in the spectrum of the tt
invariant mass (top left), a typical
ensemble for the signal process (top
right) and a typical distribution of Q
values (bottom right).
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The logarithmic likelihood values are calculated by
In [L(Do|Ho)] = D —Ho(i) + Do(i) - In [Hy(i)]
i€bins
In [L(Do|Hg)] = Y —Hs(i) + Do(i) - In [Hy(i)]
i€bins
In [L(Dg|Ho)] = Y —Hy(i) + Ds(i) - In [Ho(D)]
i€bins

In [L(Dg|Hy)] = Y —Hy(i) + Ds(i) - In [Hy(i)]

i€bins
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6.4. Statistical Analysis

Finally, the Q values and sensitivities can be calculated with equations and the
formulae thereafter. An example of an ensemble for the tt invariant mass distribution
and a typical distribution of Q values is shown in figure|6.10|

An advantage of this method is its widely accepted validity. In contrast to Bayesian
methods, no prior assumptions about probabilities of considered models have to cho-
sen. All models are treated equally and symmetrically.

On the other hand, a disadvantage of this method is its intensive need of computing
power. The p value expresses the probability of a given ensemble to be described by a
given model. This probability is determined as a fraction of generated test ensembles.
Therefore, the probability can never be smaller than one ensemble out of the complete
set of ensembles. Thus, the achievable exclusion limit depends on the number of
generated ensembles.

For this study, all determinations of sensitivities are based on 10000 ensembles, which
is equivalent with an achievable sensitivity of at most 3.89 o. Higher sensitivities can
be assessed, but their value cannot be determined. This study focuses on an exclusion
limit of 95 % CL for all described models compared to the Standard Model tt produc-
tion. Although this could already be achieved with 20 ensembles, the result would
not be reliable, because statistical fluctuations are large with such a small number
of ensembles. Therefore, 10000 ensembles have been generated to determine each
sensitivity.

6.4.2 Statistical Independence

The above method to determine the significance of a model has a special property,
which is convenient for most comparisons of models. If a distribution is compared
with itself, the Q value always vanishes, which is why the significance of a model
is determined only by its differences to distributions of other models. This can be
seen by comparing two distributions where one contains only QCD tt production and
the other is the sum of this same distribution and a pure tt resonance contribution.
Figure shows a comparison of these two distributions for an example of a Z’
boson with a mass of m,, =1000 GeV/2.

The pull p of two quantities x; and x, is defined as
Xy — X
Voi+o? ’

with o, and o, the respective errors of x; and x,. The pull distribution reveals the
region of large contributions of the resonance. As expected, the pull distribution shows
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Figure 6.11: Effect of statistically indepen-
dent samples. The three distribu-
tions show

QCD tt + Z’, which is com-
pared to the same sample of

QCD tt,

sum of separate samples of
QCD tt and Z’, which is com-
pared to the previous sample
of QCD tt,

full simulation of QCD tt +
Z', which is compared to an
independent sample of QCD
tt.

Differences between distributions
arise not only from resonance con-
tributions, but also from statistical
fluctuations.

the largest deviations at the Z’ mass where the differences to the QCD tt distribution

are the largest.

Despite this pronounced and smooth distribution, this comparison represents the ideal
case where the resonance distribution includes a QCD tt contribution and is after-
wards compared to the same QCD tt distribution. In this case, when calculating the
pull, the difference between both distribution reveals the original resonance distribu-
tion again. In a more realistic scenario, the true tt distribution of QCD is not known.
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6.4. Statistical Analysis

To account for this, the resonance distribution has to be added upon one QCD tt distri-
bution and compared with a different QCD tt sample, such that the two distributions
are completely independent. This has been done in figure

A different way to account for statistical fluctuations can be a fit to the pure QCD tt
distribution. This has the advantage, that this fit could be used easily for all samples
to determine the background of QCD tt events from the full simulation. A suitable
fit function has to be found, which accurately describes the distribution. On the other
hand, if the function does not exactly describe the tt spectrum, there are always re-
gions where the fitted function lies above the distribution of events and other regions
where the function lies below. Unfortunately, this is just a pattern which is expected
from interferences. Thus, an improper fit function can always fake patterns of interfer-
ences, even for plain QCD tt events. Therefore, this work concentrates only on spectra
of generated tt events alone.

The independent sample of QCD tt production gives rise to additional statistical fluc-
tuations which are present across the complete range of the distribution, not just in
the region of the resonance mass. As such fluctuations add an additional source of
differences also between similar distributions, they may also increase the significance
of a sample compared to any other sample, even if the contribution of a resonance
is arbitrarily small. Therefore, statistical fluctuations have to be reduced to prevent
fake significances. Although they can never be completely suppressed, they can be
smoothed by choice of reasonable bin sizes. Therefore, sizes of bins have been chosen
to be 10% of their lower edge value, but at least 506¢V/c2, These values have been
chosen because they are large enough to smooth the distributions, but still smaller
than the experimental mass resolution, which has been determined in section

For the special topic of the study, it is unavoidable to have two distinct samples to be
compared. In cases of models with a significant interference between QCD diagrams
and resonance diagrams of ¢t production, both channels cannot be simulated sepa-
rately without loosing the interference. Therefore, the full process has to be simulated
at once, including all QCD processes. As a consequence, all events are completely
independent from a simulation of tt events in QCD alone.

An example of such a full simulation is shown in figure where the included
resonance has again been chosen to be a Z’ boson with a mass of m, =1000 GeV/c2,
This distribution looks similar to the one in figure (b). Some bins even seem to show
the same fluctuations in both distributions, which is because both simulations are
compared to the same sample of tt events in QCD.

In order to compare models in two cases where a possible interference is either re-
spected or ignored, it is necessary to use two samples of QCD tt events. When the
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interference is ignored, one of these samples is used to create the resonance distribu-
tions by adding events with a resonance. The other sample is then used for comparison
in order to determine the significance of the resonance model compared to the pure
QCD tt sample. In case the resonance is included in the full simulation, the sample
already includes tt events from QCD. Then, only one QCD tt sample is needed for
comparison.

It may be noted that these two samples of tt events from QCD could be two extreme
example distributions with exceptionally large statistical fluctuations. It could be possi-
ble they enhance or soften signals of certain resonances during the statistical analysis.
If this is to be avoided, many samples of QCD tt production would have to be pro-
duced. The resonance distribution would have to be compared with a large number
of QCD distributions of tt production. In this case, all statistical fluctuations would
eventually cancel, revealing the significance compared to an average QCD distribution.

For the present situation, this would have meant a huge amount of additional events
to be generated, which was not appropriate for this study. Instead, it is assumed that
the two independent samples of QCD tt production lead to typical distributions of
invariant masses.

In summary, the ideal way to determine the significance of a independent full model
including interference compared to model of QCD tt production only is the following.

¢ Generation of several QCD distributions. These are needed, so that statistical
fluctuations of a single distribution are compensated by the other distributions.
With many independent distributions, the statistical spread of samples can be
estimated and taken into account.

* Only one signal distribution is needed, because it can be determined sufficiently
accurate. Statistical uncertainties usually are much smaller than the accuracy of
the QCD distribution.

¢ One distribution of the full model is needed, which has to be determined to a
high degree of precision. This distribution usually contains only a small contri-
bution of resonances. To distinguish this distribution from a typical QCD distri-
bution, statistical uncertainties of the full model have to be much smaller than
the expected excess, caused by the resonance.

* For a comparison with QCD tt production, the pure resonance distribution has
to be added on top of an arbitrary QCD distribution. The distribution of the
full model already includes the contribution of QCD by construction. To deter-
mine the expected significance of such distributions, they have to be compared
with an independent distribution of QCD tt production. To minimise effects of
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statistical fluctuations, this comparison has to be done with many independent
distributions so that statistical uncertainties are respected properly.

This study only uses two independent samples of QCD tt production. A larger num-
ber of samples would have exceeded capabilities of the currently available computer
clusters.

6.4.3 Treatment of Systematic Uncertainties

All parameters of an experiment are only known to a certain degree of precision.
Among the most important uncertainties for this study are the absolute scale of jet
energies (JES), the form of parton distribution functions, the values of total cross sec-
tions or the total integrated luminosity of an experiment. These systematic uncertain-
ties have to be taken into account when calculating exclusion limits for an experiment.
They enter the calculation of significances at two points:

* Uncertainties affecting the expected total number of events are treated in the

determination of the number of events of an ensemble. Before calculating the
expected number of events, the luminosity ¥ and the total cross section o are
smeared with a Gaussian distribution according to the rate uncertainties of all
systematic errors. The resulting expected number of events is again smeared
with a Poisson distribution to account for statistical fluctuations in the number
of measured events. The final number is the number of events for the respective
ensemble.

Shape uncertainties affect only the form of a distribution, but not the number of
events. They are treated similarly as rate uncertainties, but they may affect each
bin of a distribution differently. Each uncertainty is represented by a distribu-
tion E containing one standard deviation from the model prediction. A random
variable & is determined for each uncertainty, representing how many standard
deviations the current ensemble differs from the central model prediction for
the respective uncertainty. In most cases the variable is distributed according to
a Gaussian normal distribution, although there are also rare cases with differ-
ent properties. The final ensemble is the sum of the original ensemble and all
weighted uncertainties

DsySt:D+25i'Ei,
i

where i is just a counter for all uncertainties.
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Shape uncertainties for the QCD channel, the pure resonance and the full channel are
calculated as just described.

D3¢y =Dacp + Z 6; - Eqco,i
7
I)Edesst = DRES + Z 5i : ERes,i

syst _
DQacp+res = Dacp+res T Z 8; - EQCp+Res
i

The & parameter is always the same for all contributions because they are affected
equally by systematic errors.

If a resonance distribution is to be compared with another distribution, is has to be
added on top of the QCD tt distribution. In this step the resonance can also be scaled
with a parameter x in order to account for an unknown strength of coupling to Stan-
dard Model particles. The full resonance distribution is then calculated by

D3y + kDR = Dacp + Z 6 Eqcp,i K | Dres t+ Z 8 * ERes,i

=Dqcp +KDges + Z 5 (EQCD,i + KERes,i) .
i

In case of a large interference between an unknown resonance and the QCD tt pro-
cesses, the invariant mass spectrum can no longer be split into two independent parts
and the resonance contribution cannot be scaled arbitrarily without also scaling the
QCD contribution. Therefore, systematic uncertainties are decomposed into three com-
ponents, a QCD part, a resonance part and an interference part. Afterwards, system-
atic uncertainties are scaled to different resonance strengths just like described above
in sections[2.2.3] and
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The full distribution with a scaled resonance including systematic errors is calculated
by

syst __ 1ySyst syst syst
Dacoirres = Dacp + KDges + VKD ¢
__ ysyst syst = syst _ pSyst _ pysyst
- DQCD + KDRes + VK (DQCD+Res DQCD DRes)

= VKD, e + (1= K) Doy + (= V&) DR
- (1 h ‘/E) (DQCD +Z§i -EQCD,I.)
+ (k= V&) (DRes +Y06;- ERes’l)
i

+ VK (DQCD+Res + Z 5; 'EQCD+Res,i)
i
= (1 - \/E) DQCD + (K - \/E) DRes + \/EDQCD+Res
+ 251 : |:(1 - \/E) EQCD,i + (K - \/E) ERes,i + \/EEQCD+Res,i:|
i

With this method it is possible to treat processes equally where interferences are either
ignored or not. Thus, this method is suitable to compare both kinds of processes.
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Studies on tt Resonances

“Reality is determined not by what scientists
or anyone else says or believes

but by what the evidence reveals to us.”

— Alan Hale

In order to provide realistic exclusion limits for various types of tt resonances, a chain
of mathematical methods and calculations has to be established and checked for plau-
sibility. Calculation of simulated events from an event generator have to agree with
similar calculations. In case of the new Heavy Quark Resonance Model for HERWIG++,
the calculation has to match results with existing matrix elements.

Resonances of top-antitop quark pairs have been previously studied by many peo-
ple [60} [148] (149} [150]. Also interferences of resonances with QCD continuum pro-
duction of tt pairs have been explicitly investigated [43][99]. Results of this work are
also compared to these studies.

Finally, simulated events are fed into a simulation of the Arras detector to receive
pseudodata as a basis for a realistic reconstruction and investigation of sensitivities
to different types of tt resonances. With this information, the importance of inter-
ference can be evaluated compared to the strength of the pure resonance. Exclusion
limits can be set, depending whether interference between the resonance and the QCD
continuum are taken into account or ignored.
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7.1 Consistency Checks of the Heavy Quark Resonance Model

Every new model for an event generator has to be checked for accuracy of its predic-
tions. The most important test is a comparison with measured data. As measurement
at the Luc only has started recently at /s = 7 TéV no data is available for /s = 14 TeV.
In order to check consistency of the Heavy Quark Resonance Model, its predictions
are compared to results obtained with existing processes already implemented in HEr-
WIG++.

As only the matrix element has been changed, it is sufficient to check only its outgoing
particles to match properties with outgoing particles of existing matrix elements. All
subsequent steps are equal for all matrix elements and do not need to be checked.
Therefore, only distributions of the outgoing top and antitop quarks have to be com-
pared with outputs of different matrix elements. Distributions to be compared are the
spectra of invariant masses of the top quark pairs, the transverse momenta and the
pseudorapidity of the top and antitop quarks. Distributions of the azimuthal angle
have also been checked to be flat in all cases, so that they are not shown explicitly.

7.1.1 Top Quark Pair Production in QCD

The new model is based on the existing matrix element for production of heavy quark
pairs. Originally this matrix element of HERwiG++ was able to calculate the five QCD
Feynman diagrams including gluon-gluon and quark-antiquark scattering of
table The behaviour of this matrix element can be reproduced in the Heavy
Quark Resonance Model by switching off all diagrams including a resonance (set
MEpp2HeavyQQbar :Resonance off).

A comparison between both models is shown in figure The six diagrams show
comparisons in five different quantities. In the top row, Figures and show the
distributions of transverse momenta for the top and anti-top quarks respectively. In
the middle row, Figures and show the distributions of transverse momenta for
the top and anti-top quarks respectively.

Distribution shows the invariant mass spectrum of the top quark pairs up to 5 TeV/c2
in logarithmic scale. Errors of all entries are small enough to be only visible in the high-
est bins of the logarithmic representation. The distribution rises from 2m, = 345 Gev/c2
and reaches its maximum at about 400 GV/c2. At high invariant masses the spectrum
falls off almost exponentially.

Distributions of both models are equal in all quantities. Differences arise from statis-
tical fluctuations only. Generation of tt pairs in QCD is reproduced accurately by the
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Figure 7.1: Comparison between the origi-

nal matrix element for pp — QQ of
HerwiG++ and the Heavy Quark Res-
onance Model with only QCD pro-
cesses. The histograms show the
distributions of transverse momenta
for the top quark and the anti-
top quark the pseudorapidities for
the top quark and the anti-top
quark and the tt invariant mass
spectrum in logarithmic scale Er-
rors are visible only with logarithmic
scales. All distributions do not show
any significant differences between the
two models.
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Heavy Quark Resonance Model. This should be the expected behaviour, because the
Heavy Quark Resonance Model was built with the MEpp2QQbar matrix element as a
template.

7.1.2 Standard Model Higgs Boson Production

As a second test, production of Standard Model Higgs bosons is investigated which
decay into a pair of top quarks. QCD diagrams are switched off and the parameters of
the resonance are set to the quantum numbers of the SM Higgs boson. Three different
masses of 400, 500 and 600 GeV/c2 are used with their respective decay widths of 27.44,
63.14 and 113.70 Gev/c2,

The matrix element for Higgs boson production provided by HeErwic++ is called
MEHiggs. It only calculates the production of Higgs bosons from protons. Masses
of Higgs bosons are distributed according to a Breit-Wigner function. Their decays
follow the SM branching ratios of Higgs bosons into all possible types of SM fermions
as well as W* and Z° bosons. As the decay into a pair of top quarks is implicit in the
Heavy Quark Resonance Model, events from the MEHiggs matrix element have to be
selected only if the Higgs boson decays into top quarks.

Figures[7.2}[7.3]and[7.4]compare the Heavy Quark Resonance Model with the MEHiggs
matrix element for Higgs boson production of m;, = 400, 500 and 600 G&V/c2 respec-
tively. The histograms show the tt invariant mass spectrum with linear and logarith-
mic scales, the distributions of transverse momenta for the top quark and the anti-top
quark and pseudorapidities for the top quark and the anti-top quark.

All distributions show differences in the total cross section as well as different shapes.
Differences in shape can be explained with a cut-off in the original MEHiggs matrix
element, where the Higgs propagator is cut off for values greater than a predefined
threshold, which is usually set to m, + 10 - I',. This cut off can be seen in histograms
(a) and (b) of figures[7.2]and In figure[7.4]the cut-off is not visible because it lies
at the boundary of the the shown mass range.

For this reason, events with high tt invariant mass are missing in the sample of the
MEHiggs matrix element. This also leads to a reduced number of particles with high
transverse momentum.

Differences in total cross sections are a second issue. They are unrelated to the differ-
ences in shape because they remain similar although the cut-off gets less important
for larger masses. This discrepancy can easily be corrected by rescaling distributions.
As leading order calculations, like the present one, are known to underestimate total
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Figure 7.2: Comparison between the original

matrix element for pp — h of HEer-
wiG++ and the Heavy Quark Reso-
nance Model with only SM Higgs pro-
cesses with my = 4006GeV/:2. The his-
tograms show distributions of trans-
verse momenta for the top quark
and the anti-top quark the pseudo-
rapidities for the top quark and the
anti-top quark and the tt invariant
mass spectrum in logarithmic scale
Differences in shape arise from a cut-
off in the Breit-Wigner distribution of
the Higgs boson at my + 10I', in the
MEHiggs matrix element, which also
reduces the number of high-p, top
quarks.
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Figure 7.3: Comparison between the original

matrix element for pp — h of HEer-
wiG++ and the Heavy Quark Reso-
nance Model with only SM Higgs pro-
cesses with my = 500GeV/:2. The his-
tograms show distributions of trans-
verse momenta for the top quark
and the anti-top quark the pseudo-
rapidities for the top quark and the
anti-top quark and the tt invariant
mass spectrum in logarithmic scale
Differences in shape arise from a cut-
off in the Breit-Wigner distribution of
the Higgs boson at my + 10I', in the
MEHiggs matrix element, which also
reduces the number of high-p, top
quarks.
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Figure 7.4: Comparison between the original
matrix element for pp — h of HEer-
wiG++ and the Heavy Quark Reso-
nance Model with only SM Higgs pro-
cesses with my = 600GeV/:2. The his-
tograms show distributions of trans-
verse momenta for the top quark
and the anti-top quark the pseudo-
rapidities for the top quark and the
anti-top quark and the tt invariant
mass spectrum in logarithmic scale
Differences in shape arise from a cut-
off in the Breit-Wigner distribution of
the Higgs boson at my + 10I', in the
MEHiggs matrix element, which also
reduces the number of high-p, top
quarks.
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tt cross sections of higher order calculations as well as cross sections determined in
experiment, leading order results have to be rescaled in every analysis.

7.1.3 Existing Studies with Interferences and Spin Correlations

As already stated previously, the lifetime of a top quark is smaller than the typical
timescale of strong interactions, which also reflects in its decay width being larger
than the scale where QCD becomes strong, I', & 1.56V/c2 > Aqcp. Thus, it is the only
quark which can be studied as a quasi-free particle. As such, also its spin information
is conserved after its decay and passed on to its child particles. If the pair of top
quarks originated from a resonance, they also carry information about the spin of
their common parent.

This way, the top decay products also carry information about the resonance spin. Be-
cause the W* boson couples only to left-handed components of fermions, it translates
the top quark spin into directions of flight of its decay products. Through this mecha-
nism, the directions of flight of the W* child particles are 100 % correlated with the
polarisation of the top quarks [[151}, [152] 43]].

Additionally, also the children of both top quarks are correlated among each other
in their directions of flight. As it turns out [151]], the best way to determine the
correlation between the decay products of both top quarks is given by the down-type
fermions from the decays of both W* bosons.

A common quantity [[153] to study spin correlations in tt events is the distribution of

1 d*c 1 L Acos(d - 0 e b . -
o d(cos 6, )d(cos 6_) = 7 [1—Acos(6,)cos(8.) + b, cos(6,) +b_cos(6.)] , (7.1)

where the two angles 6, and 6_ are defined between the directions of flight of the top
(antitop) quark in the tt centre-of-mass system and the down-type fermions in the top
(antitop) rest frames, respectively.

Figure shows the above distributions for several different models of tt production.
Subfigure contains the distribution for tt production in QCD. The following distri-
butions show spin correlations for a scalar|(a)|and pseudoscalar|(b)|resonance with a
mass of mg,, = 400S¢/:2 and for a vector and axial vector resonance with a
mass of mge, = 1000 Gev/c2,

The distribution of the pure QCD tt production clearly shows an anti-correlation be-
tween both angles 6, and 6_. If 6, vanishes, 6_ tends to assume values about 7w and
also the other way round. This means, if the down-type fermion from the top quark
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and QCD tt production |(e)
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decay goes into the same direction as the top quark, the down-type fermion from the
antitop quark tends to go into the opposite direction as the antitop quark.

The scalar and pseudoscalar resonances lead to similar effects of anti-correlation which
are even stronger than in pure QCD tt production. One reason for spin correlations
in QCD being weaker is because top quark pairs can be produced via three different
processes, the s-, t- and u-channels. On the other hand, there is only the s-channel
Feynman diagram for tt production via resonances. In this case, the pair of top quarks
always inherits the spin information of the resonance in the same way.

In contrast, vector and axial vector resonances show an opposite behaviour of spin
correlations. In this case, the angles 6, and 6_ are positively correlated. If the down-
type fermion from the top quark decay goes into the same direction as the top quark,
the down-type fermion from the antitop quark tends to go also into the same direction
as the antitop quark. This also means, that spin correlations provide an opportunity
to determine the spin of tt resonances.

Spin correlations of top quark pairs have also been investigated in previous stud-
ies [43]. Shapes of the above figures agree well with the shapes of figures 16 and 17
therein, whereas the normalisation differs significantly. Plots in this work have been
normalised to unit volume. On the other hand, contrary to their description, figures
16 and 17 of [[43]] have not been normalised to unit volume, but also include informa-
tion of the total cross sections of the respective processes [[I54]]. Cross sections of both
studies are difficult to compare because coupling parameters can be chosen arbitrarily
and have been set differently.

resonance mass [CeV/c2] A b, b_ 2/t
QCD tt — 0.36 -0.004 -0.004 0.94
scalar 400 0.98 -0.004 -0.006 1.13
pseudoscalar 400 0.98 -0.003 -0.006 1.08
vector 1000 -0.84 -0.008 -0.01 0.99
axial vector 1000 -0.98 -0.006 -0.007 0.98

Table 7.1: Fit values of spin correlation distributions. Fits converged and lead to reasonable
results which agree with values in [43].

On the other hand, shapes can be compared easily by application of a two dimensional
fit of equation to the distributions. Values of the fit parameters have been calcu-
lated and are listed in table Corresponding values determined in [43]] and this
work are consistent with each other in both independent calculations.
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7.2 Determination of Mass Resolutions

The most important quantity for this work is the invariant mass of the original pair of
top quarks. As their true 4-momenta are not accessible in experiment, they have to
be determined from quantities measured by the detector. As explained earlier, these
quantities are 4-momenta of jets, electrons or muons and the missing transverse mo-
mentum.

In order to check the accuracy of calculated invariant masses, they are also determined
at different stages of the event, ranging from the original pair of top quarks to recon-
structed jets after detector simulation. On each level of reconstruction, the concept
remains always the same, i.e. certain partons, particles or jets are selected and their
4-momenta are summed up to receive their invariant mass m by

2

N

partons/particles/jets

The general idea is to follow the decay chain of the tt pair and to reconstruct the tt
invariant mass from their child particles or derived objects like jets. It is then possible
to determine the accuracy of reconstructed invariant masses compared to respective
partonic tt invariant masses, i.e. the mass resolution. Additionally, steps in reconstruc-
tion can be identified which introduce large statistical or systematic uncertainties.

At later stages of the event, the association of hadrons or jets to a parton is not defined
unambiguously. In general, the original pair of top quarks is not neutral in colour
charge, but hadrons and jets are. Therefore, the top quarks or their children have
to compensate their colour charges by interactions with partons from the underlying
event. At this point, the association of a hadron to either the hard event or the un-
derlying event is not unique any more. For the following investigations, such hadrons
have been considered as coming from the hard event as the energy transfer from the
underlying event is considered small.

A second ambiguity arises from the association of jets to one of the quarks of the out-
going fermions of the t, t, W and W~ decays. Quarks are associated with available
jets, such that the difference in

AR =/ (an)*+ (A¢)’

between the 4-momenta of the quark and the jet is minimal. If two or more quarks
are associated with the same jet, the jet momentum is considered only once.
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In case a W* boson decays leptonically, the true 4-momenta of the charged lepton and
the corresponding neutrino are included into the invariant mass reconstruction. Only
in the last step, the semileptonic reconstruction of the invariant mass, a kinematical fit
is applied for the z-component of the neutrino momentum using the missing transverse
momentum as explained in section [6.2}

The invariant mass has been determined on the following stages of every event.

tt The immediate tt invariant mass is calculated immediately from the 4-momenta
of the top and antitop quarks. This is the value of reference that any other
calculation has to match. Large deviations from this value indicate miscalcula-
tions, which sometimes cannot be avoided, e.g. when the wrong solution for
the z-component of the neutrino momentum is chosen.

W*W bb The tt invariant mass is calculated from | the tt decay products, after each
top quark decayed into a W boson and a b/b quark respectively.

f1€f3ﬁb5 After the two W* bosons decayed into fermion-antifermion pairs, the in-
variant mass is calculated again. No separation is done between the different
decay channels of the W* bosons.

first hadrons Only first hadrons are considered just after they have formed during
hadronisation. Secondary hadrons from hadron decays are ignored. Only those
hadrons are taken into the calculation of the tt invariant mass, that can be
traced back to a top quark, i.e. which are child particles of an original top or
antitop quark. If a W boson decayed leptonically, the respective charged lepton
and the neutrino are also considered for the invariant mass calculation.

stable tt children All final state particles are taken into account for the calculation of
the invariant mass, that originate from the decays of the top or antitop quarks.
Particles from the underlying event are ignored.

stable tt children in any jets Only final state particles with a connection to the orig-
inal tt pair are considered, which additionally end up in one of all jets obtained
from all final state particles with the Anti-k, jet algorithm. Particles outside any
jets are ignored.

stable tt children in matched jets Only final state particles with a connection to the
original tt pair are considered. Additionally, they have to end up in a jet that is
matched to one of the quarks of the outgoing fermions of the t, t, Wt and W~
decays. In semileptonic events, the 4-momenta of the charged lepton and the
corresponding neutrino are adopted unchanged.

stable tt children in highest p, jets This step considers final state particles from
the tt decay which end up in jets with the highest transverse momentum. In
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semileptonic events, 4 jets are included which are expected to originate from
the four quarks of the semileptonic tt decay.

stable particles in matched jets The 4-momenta of all final state particles are summed
up, which lie inside jets that are matched to a parton from the tt decay. The
matching is done as described above.

stable particles in highest p, jets The invariant mass is determined from all final
state particles which also lie inside one of the jets with highest transverse mo-
mentum.

semileptonic reconstruction The invariant mass is calculated with the semileptonic
reconstruction after all events have passed the DELPHES detector simulation. The
4-momentum of the leptonically decaying W= boson is obtained from the kine-
matical fit of a charged lepton and the missing transverse momentum. The
invariant mass is calculated from the sum of all 4-momenta of four jets and the
fitted momentum of the W* boson.

On each level it is possible to check how the distribution of the invariant mass changes
compared to the original tt mass distribution. Figures and show the develop-
ment of the reconstructed invariant mass from parton level to the complete reconstruc-
tion after detector simulation. In order to be able to compare all histograms with each
other, only semileptonic decays of the pair of top quarks are taken into account.

As all particles have non-vanishing decay widths, reconstruction of invariant masses

cannot be perfect. Deviations in reconstruction are expected to grow with increasing

level of reconstruction. In order to obtain a measure for the error made in reconstruc-

tion, the relative difference in invariant masses "I'Ltmf? = % — 1 is calculated at
tt tt

each reconstruction level. Widths of the distributions are measured by taking their

full width at half maximum (FWHM) divided by 24/2:1n(2) in order to obtain the
equivalent width of a Gaussian distribution. All resolutions are summarised later in

table

Figure [7.6]shows relative error distributions from the direct children of the top quarks
up to an invariant mass of stable final state children of the tt decay. At these levels,
reconstructed invariant masses accurately match the tt invariant mass. The relative
error of invariant masses calculated from all tt children is smaller than 1 %.

The last diagram in this figure shows the relative error when the invariant mass is
determined only from those tt children which end up inside an arbitrary jet cone
found by the Anti-k, jet clustering algorithm. This distribution has a width of 2.5%
which is a significant increase compared to a width of 0.5 % of the previous level. This
effect shows that there are always some particles from the tt decay that end up outside
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of any jet cone. Neglected momenta of missing particles broaden the error distribution
and also slightly shift the peak of the invariant mass to lower values.

Diagrams in figure show further error distributions with different selections of
particles and jets. The top row contains distributions of ¢t children whereas the middle
row contains histograms of all stable particles. In the left column, only particles have
been considered that end up in jets which are matched to one of the fermions of the
t, t or W* decays. In the column on the right hand side, only particles within the jets
with the highest transverse momenta have been considered.

The distribution of the relative error does not change much when going from stable
tt children in matched jets to those in jets with highest transverse momentum. This
implies, that the highest p, jets most probably are jets from the tt decay. The fact that
there is a slight difference in the distributions shows some rare cases where a jet from
the underlying event has a larger p, than one of the four jets of a semileptonic event.

The transition from stable ¢t children to all stable particles in jets matched to fermions
from the tt decay also is moderate. The distribution becomes rather symmetric, which
is a consequence of a particles from the underlying event ending up in a jet associated
to a quark from the tt decay.

The next histogram combines the transition to all stable particles with the choice of
jets with highest transverse momentum. In contrast to the two previous comparisons,
the step from stable tt children in matched jets to stable particles in highest p, jets
shows a large difference in distributions. This can be explained by the fact that this
determination of the invariant mass does not rely on any information of partons. Parti-
cles do not have to originate from the hard event and jets do not have to be associated
to partons any more. Therefore, the result is affected by the underlying event as well
as initial state radiation, which can also produce jets with high transverse momentum.
As a result, the peak of this distribution is also shifted slightly to a higher mass.

Although the selection of jets may by improved by constrains on dijet invariant masses,
this histogram gives a good impression on the experimentally achievable mass reso-
lution. This histogram was calculated using simulated events without any detector
simulation. In experiment, any detector can only increase errors on invariant masses.

The last diagram in figure shows the semileptonic reconstruction of the invariant
mass as described in section after all events have passed the DELPHES detector
simulation. The shape of the distribution has not changed significantly, but its width
has increased to 16.6 %.

Table summarises widths of distributions of all levels of reconstruction. Many
different effects are responsible for a non-vanishing resolution of the invariant mass.
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level of reconstruction mass resolution
W*W~bb 0.9%
fiafsfabb 0.2%
first hadrons 0.6%
stable ¢t children 0.5%
stable tt children in jets 2.5%
stable ¢t children in matched jets 4.3%
stable tt children in high p, jets 4.7%
stable particles in matched jets 4.8%
stable particles in high p jets 10.3%
semileptonic reconstruction 16.6%

Table 7.2: Mass resolution on different levels of reconstruction. Largest errors in reconstruc-
tion are introduced in the latest stages by jet clustering and jet selection, detector
effects and the semileptonic reconstruction.

Main contributions to the resolution come from initial state radiation and underly-
ing events. This error can be estimated by \/(10.3 %)* — (4.8%)*> = 9.1%. De-
tector effects and the reconstruction of the z-momentum of the neutrino from the
lepton momentum and missing transverse momentum contribute with an error of
V(16.6%)% — (10.3%)* = 13.0 %.

Although the exact values of resolutions at different stages of an event and its recon-
struction depend on chosen algorithms and methods, the above values give an esti-
mate of what can be achieved in experiment and which is the fundamental physical
limit of mass resolution.

7.3 Example Models

This work investigates several different scenarios with tt resonances of different types
of couplings and quantum numbers at several masses and decay widths. The Heavy
Quark Resonance Model has been implemented as flexible as possible. It provides a
large number of configurable parameters, which reflect the large number of possible
tt resonances. As it is not possible for this study to cover all possible configurations,
five different models with interesting properties have been chosen, which show some
characteristic features. Properties of the chosen types of resonances are summarised

in table
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. . colour rep- arities
model name type of coupling spin [#] resentation Izl,}’s)
scalar Higgs SM Higgs-like 0 [1] (1,0)
pseudoscalar Higgs SM Higgs-like 0 [1] 0,1
sequential Z’ SM Z° 1 [1] (SM, SM)
coloron strong 1 (8] (1,0
axigluon strong 1 [8] 0,1

Table 7.3: Models investigated in this study. Quantum numbers have been chosen to cover
a wide range of possible combinations, which are also motivated by extensions of the
Standard Model.

These Models have been analysed for several different masses of the resonance. Masses
have been chosen such that each model contains samples with large contributions of
resonances which are easily visible and detectable as well as other samples with only
small contributions of resonances which are expected hard to discover.

Couplings have been fixed equally for all masses of the same type of resonance. Al-
though this also fixes all decay widths of the theoretical model, it is possible to de-
fine decay widths separately in HERwiG++ to account for unknown decay modes or
unusual properties of the considered model. Therefore, all resonances have been as-
sumed with a decay width of 1% of their mass, i.e.

Toes _ 14,

MRes
so that all of them can be treated as narrow resonances. As seen in section the
resolution of the invariant mass for semileptonically decaying pairs of top quarks is of
the order of 15%. Thus the decay widths of all resonances is much smaller than the
experimental resolution, which means that effects from different decay widths can be
ignored.

7.3.1 tt Production in QCD

Production of top quark pairs via QCD is considered as the null hypothesis in later in-
vestigations. Every model is compared to QCD production of top quarks without any
resonance. For this reason, an accurate prediction of the cross section and the shape
of the invariant mass spectrum is important. Samples of tt production in QCD have
been generated for five different centre-of-mass energies. Information about these
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samples is summarised in table[7.4} Calculated cross sections are lower than analytic

centre-of- Cross . .
number of . equivalent integrated
data set mass energy section Juminosity [1/s]
[Tev] events [pb] ty
QCD (pp) 1.96 100000 5.985 1.671
7 1000000 142.1 7.036
QCD 8 1000000 207.7 4.815
10 1000000 378.5 2.642
14 25020000 871.5 28.71

Table 7.4: QCD datasets. An increased number of events has been generated for the sample
of 14 TeV centre-of-mass energy, because it is used for the subsequent analysis of tt
resonances.

calculations [[I55] [156} [I57], measurements at Tevatron [158] [I59] as well as first
measurements at the LHC at a centre-of-mass energy of /s = 7 TeV [160, [161]]. Devia-
tions from all these determinations of cross sections are expected, because calculations
of this study are limited to leading order accuracy, which are known to underestimate
results at higher precision. As this work focuses on proton-proton collisions at a centre-
of-mass energy of 14 TeV, this sample has been chosen to contain a much larger number
of events in order to obtain accurate results for the invariant mass spectrum even at
large invariant masses up to 4 T&/c2. Even larger invariant masses are hard to produce
as can be estimated from figure Only a fraction of about 2 - 107° of all events
have an invariant mass above 4 TeV/c2,

The number of generated events directly affects the amount of resonance events that
can be excluded. A large number of simulated events ensures an accurate prediction of
the invariant mass spectrum. Predictions of different models can only be distinguished,
if their difference is larger than statistical and systematic errors of each prediction.
This has to be considered at large invariant masses, where only few events from the
full mass spectrum are available.

7.3.2 The Scalar Higgs Model

The scalar Higgs model assumes couplings and quantum numbers of the Standard
Model Higgs boson. Only its decay width has been defined differently. The decay
width of the Standard Model Higgs boson increases according to the third power of
its mass I';, ~ m} for my, > 2myo0 = 182.38S&V/c2, For large masses of the Higgs boson
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Figure 7.8: Cross sections of the scalar Higgs boson. Cross sections of pure resonances
decrease rapidly with increasing mass. The cross section of the full model is even
lower than the sum of cross sections of the pure resonance and QCD tt produc-
tion, indicating a negative net effect of the interference. At a resonance mass of
my, = 4006GeV/:2 and above my, = 1500 GeV/:> the cross section of the full model is
even lower than for QCD tt production alone.

my, 2 17TeV/c2 its width becomes larger than its mass so that it will be extremely difficult
to discover.

On the other hand, Higgs bosons in models with two Higgs doublets are much more
narrow [[162] [163]]. In these models, widths of Higgs bosons can even be smaller
than 1% of their mass. For this study, widths of simulated Higgs bosons have been
assumed to be 1% of their mass.

Properties of samples of the scalar and pseudoscalar Higgs boson are shown in ta-
ble In order to obtain accurate predictions for all studied quantities, all models
have been simulated with at least 1 Mio events for the pure resonance. The simulation
of the full process had to be performed with an even higher number of events because
it included also events of QCD tt production. Samples of the full simulation contain at
least 15 Mio events for small masses of the Higgs boson and 25 Mio events for larger
masses.

Especially for high resonance masses, the resonance contribution to the whole sample

decreases approximately like —28=—  which can be written as —28=— in case of neg-
I QCD+Res 0QCD+ORes

ligible interference. Figure [7.8]shows the cross sections for the different masses, also
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compared to the cross section of tt production without a resonance in QCD. From
this it can be estimated, that the resonance fraction of the samples decreases from
about 1072 to about 107%. In case of a Higgs boson of m, = 17¢V/:2, its cross section
is 0.3 pb, compared to 871.5pb for pure QCD tt production, resulting in a fraction

of only —Z8=— = 3.4.107* of all events of the full process. This means, that pro-
OQCD+ORes

duction of resonances gets increasingly inefficient for high masses. Therefore, also
an increasing number of events is needed to obtain a significant amount of resonance
events well above statistical fluctuations.

Figure [7.8] also shows a first effect of interferences which will be discussed in more
detail later on. The cross section of the model respecting the interference is signifi-
cantly lower than the cross section of the model without interference. For a mass of
the Higgs boson of m, = 400 6¢/c2 the cross section is even lower than the cross sec-
tion of pure QCD tt production. This effect indicates a negative interference between
Feynman diagrams which is even larger in size than the pure resonance contribution
for my, = 400 GeV/c2 and above m;, = 1500 Gev/c2

7.3.3 The Pseudoscalar Higgs Model

The pseudoscalar Higgs model is the same as the scalar Higgs model except for differ-
ent couplings to left- and right-handed fermions. The strength of couplings is set to
the coupling strengths of the Standard Model Higgs boson to all quarks, but coupling
to left- and right-handed components of quarks is set corresponding to a pseudoscalar
coupling. The widths of the resonances have been assumed to be 1% of their respec-
tive masses, again.

Pseudoscalar Higgs bosons are present in every Model with more than one Higgs dou-
blet. Accordingly, these models provide a variety of possibilities coupling the pseu-
doscalar Higgs boson to particles of the Standard Model. The general Two-Higgs-
Doublet model describes the coupling of the pseudoscalar Higgs boson to up- and
down-type fermions by a parameter tan (). The model analysed in this study as-
sumes equal couplings to up- and down-type fermions which corresponds to a value
of tan (8) = 1. As this study additionally considers decays of the resonance into a
pair of top quarks only, couplings to down-type fermions only affect the production of
resonances.

The primary production channel of Higgs-like particles via gluon fusion is dominated
by a top quark loop, because Higgs couplings are proportional to fermion masses.
Down-type quarks only contribute a small fraction to the total production of reso-
nances with a Higgs-like coupling. The second production channel via quark-antiquark
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Figure 7.9: Cross sections of the pseudoscalar Higgs boson. Cross sections of pure reso-
nances decrease rapidly with increasing mass. The cross section of the full model is
higher than the sum of cross sections of the pure resonance and QCD tt production,
indicating a positive net effect of the interference.

scattering only contributes with a negligible fraction at the LHc, because parton desi-
ties of antiquarks in protons are small compared to gluons and protons predominatly
contain light quarks, which have only a small coupling to Higgs-like particles. Thus,
heavy down-type quarks from this channel also have only a small impact compared to
the majority of events. If all contributions of down-type quarks are ignored because of
their small contributions, cross sections of resonances can just be scaled with tan® (),
because all Feynman diagrams contain two vertices coupling them to quarks.

Table lists all samples of the pseudoscalar Higgs model. Masses and widths have
been chosen equal to the scalar Higgs samples, so that both models can be easily com-
pared. Again, the numbers of events produced have been increased at large masses.

Figure shows the graphical representation of the cross sections listed in table
In general, cross sections of the pseudoscalar Higgs boson are larger by up to one
order of magnitude for low masses, compared to scalar Higgs bosons. In contrast
to the latter model, the full simulation of the pseudoscalar Higgs boson results in a
larger cross section than the sum of cross sections of the pure resonance and the QCD
tt processes. This behaviour indicates that the interference increases the total cross
section of this model.
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Figure 7.10: Cross sections of the sequential Z' boson. Cross sections of pure resonances
decrease moderately with increasing mass. The cross section of the full models are
equal to the sum of cross sections of the pure resonance and QCD tt production,
indicating negligible interference.

7.3.4 The sequential Z’ Model

The sequential Z’ model is a general model which can be easily compared between
different studies. Many theoretical models provide an additional heavy vector boson
which is neutral in electrical and colour charge. Although in most cases they are gener-
ally called Z’, their couplings to particles of the Standard Model as well as additional
particles predicted by the respective model may differ significantly between different
models.

The sequential Z’ model has been established as the minimal model extending the
Standard Model by just one additional Z’ boson with couplings of the Standard Model
Z° boson to all other particles. The most important free parameter of this model is the
mass of the Z’ boson. Although the decay width of the boson is completely fixed in
theory by its couplings to other particles, the decay width has also been provided as a
free parameter in order to account for unknown or additional effects of a special model.
This means, the actual decay width of a Z’ boson could be affected by additional
particles present in a certain model, but not in the Standard Model.

As in the previous models, the total decay width of the Z’ boson has been chosen
to be to 1% of its mass. Properties of the Z’ samples are summarised in table
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Cross sections of processes including a Z’ boson are comparable to cross sections of
the pseudoscalar Higgs boson for low resonance masses, but the cross section of the
Z' model does not decrease as fast with higher mass. Reason for this behaviour is
a different production mechanism. Higgs bosons are primarily produced via gluon
fusion whereas Z’ bosons are predominantly produced via quark-antiquark scattering.
As a coulor-neutral particle, it can only couple to gluons via a quark loop, which is
further suppressed by Furry’s theorem [[100} [101], [164]]. Therefore, couplings of Z’
bosons to gluons can be ignored.

Figure shows the cross sections of the Z’ model against the resonance mass. The
right hand side of this figure shows the cross sections of the Z’ model with and without
consideration of the interference lying on top of each other. This indicates only a
small effect of the interference, which also makes this model popular for other studies
as the interference can simply be ignored without any corrections necessary. In this
study, the sequential Z’ model is used to establish a method for analysing models with
and without a significant interference. As the model does not show an interference,
both cases have to lead to same results. Thus, the Z’ is used to check obtained results
for consistency. Equal results in both cases, whether the interference is taken into
account or not, indicate that the method of analysis can be applied to models with an
interference.

7.3.5 The Coloron Model

The coloron model assumes an additional heavy particle with equal properties as the
gluon. As it couples to quarks, it can be produced in quark-antiquark annihilation.
As the coloron is a vector boson, Furry’s theorem [[100, [101]] forbids its production
via a quark loop in gluon-gluon scattering. Nevertheless, the coloron is a colour-octet
particle. It carries colour charges and can therefore couple to gluons directly.

The strong coupling to quarks and gluons provides this model with a huge cross section
for the resonance, compared to the previous models. Thus, also heavy resonances with
high masses far above m, = 17T¢V/c2 can be produced and easily studied. Tablelists
all coloron samples studied in this work. They include resonances with masses from
me = 7006&V/c2 up to mg = 4.5 Tev/c2,

Even for the highest considered resonance mass, the cross section for tt production via
a coloron (0, = 76.65pb) is still higher than any cross section of the previous
Higgs or Z’ models. Thus, the model is supposed to provide a clean signal for the
presence of a coloron. On the other hand, the total cross section of the corresponding

full sample (0 ,,_r)—s = 784.3pDb) is even lower than the cross section of pure QCD
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Figure 7.11: Cross sections of the coloron model. Cross sections of pure resonances decrease
with increasing mass, but with decreasing rate. Cross sections of the full models are
lower than the sum of cross sections of the pure resonance and QCD tt production.
For resonance masses above 2 TeV/c2 the cross section of the full model is even lower
than the cross section of QCD tt production alone.

tt production alone, which indicates a strong negative interference lowering the total
cross section even at highest resonance masses.

This effect can also been seen in figure [7.11] where both lines, for the samples of
separate simulation of QCD and resonance tt production differ significantly from the
full simulation including the interference.

As an additional remarkable aspect, the cross section of the pure resonance process
decreases extremely slowly, especially for high masses of the resonance. Figure|7.12
shows that this is because the tt invariant mass spectrum for a pure resonance, i.e.
without contributions from QCD tt production, develops not only a peak at the nom-
inal resonance mass, but also a continuum contribution which is similar to the tt
invariant mass spectrum of QCD. This means, the resonance can not only be produced
resonantly, but there are also events where the tt resonance occurs only as a virtual
particle. With increasing mass of the resonance, this continuum contribution remains
almost constant whereas the resonance peak becomes smaller and smaller.

This effect can also be observed not only for colorons, but for all types of resonances,
although in most cases the continuum is less pronounced than in this model. The
strength of the continuum depends on the type and properties of the resonance.
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Additionally, this effect leads to a diffi-
culty for experimental analyses. To de-
termine the cross section of a resonance
it is necessary to subtract the underlying
contribution of tt events from QCD. In
order to obtain this distribution, the full
spectrum is fitted to a QCD sample of
tt events in regions not affected by the
nominal peak of the resonance.

ft invariant mass
Linvarant mass
= Coloron (3000 GeV/c?)

—

107"

If the resonance also develops a con- A .
tinuum contribution similar to the QCD 0 1000 2000 3000 4000 5000
part of the tt spectrum, the resonance mass [GeV/c?]

spectrum is no longer localised at the
nominal mass of the resonance. Accord-

Figure 7.12: The tt invariant mass spec-

ingly, there is no region of the spectrum trum of a coloron resonance with a
that is not affected by the resonance. mass of mg = 3TeV/:2. The model
Therefore it is not possible any more to shows not only resonant produc-

fit the QCD ¢ spectrum alone. bution from virtual colorons.
Nevertheless, this difficulty does not ap-

ply to this work. In case of strong inter-

ferences between QCD and resonance channels of tt production, a distinction between
a QCD contribution and a contribution from a pure resonance to the invariant mass
distribution of top quark pairs is meaningless, because the interference tightly couples
both channels. As a consequence, no attempt has been carried out in this study to
separate both channels. All methods of this analysis have been chosen such that they

are suitable for the case of a full model of QCD and resonance tt production.

7.3.6 The Axigluon Model

The axigluon model is rather similar to the coloron model. It assumes a heavy colour
octet axial vector boson that couples directly to quarks. Couplings to gluons are
suppressed because parity conservation forbids gluon-axigluon vertices with an odd
number of axigluons [64]. Properties of the samples considered are summarised in
table As it turns out, all cross sections of pure resonances and the cross section of
the QCD tt production add up to the respective cross sections of the full models. This
already indicates a negligible interference.
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Figure 7.13: Cross sections of the axigluon. Cross sections of pure resonances decrease
with increasing mass, but seem to run towards a non-vanishing limit. The sum of
cross sections of the of the pure resonance and QCD tt production add up almost
exactly to the cross section of the full model, indicating a negligible interference.

This can also been seen in figure where cross sections of both channels always
lie on top of each other for all considered resonance masses. Without a significant
interference, the axigluon model also serves as a cross check to prove applied analy-
sis methods being consistent between both cases whether interferences are taken into
account or not. Therefore, with the axigluon model it is possible to check the ap-
plied methods also at higher resonance masses, where the Z’ model does not provide
enough events any more.

Similarly to the coloron model, Figure also shows the tendency of the axigluon
model to retain a certain cross section even if the nominal resonance mass rises
strongly and the actual mass peak is not visible any more.

7.4 Interferences in the Top-Antitop invariant Mass Spectrum

As already mentioned, interferences only occur with QCD and resonance tt production
calculated in the same matrix element. As such, the interference is not an observable
quantity on its own. Nevertheless, as shown in figure it can be calculated as the
difference between the full simulation and the simpler model of separate simulations
of QCD and pure resonance tt production.
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Figure 7.14: Interference of the scalar Higgs model. The model reveals a negative interfer-
ence which lowers the total cross section.

When calculating interferences for different models, several different patterns of in-
terference emerge, depending on the properties of the resonance. In order to get a
clear picture of an interference, the tt invariant mass spectrum on parton level has
been determined with a high resolution. Interferences in this section have been deter-
mined with a resolution of 56e/c2, which is considerably finer than the experimental
resolution, determined in section

Resolution also is a major difficulty in a determination of interference patters. The
interference emerges as a difference of two large numbers of similar size, which addi-
tionally contain statistical errors. Therefore, differential cross sections of all models
have to be determined precisely for each bin of the invariant mass spectrum so that
differences become visible well above statistical uncertainties. This is the main reason
why all samples have been generated with such a huge number of events, i.e. several
millions of events per sample.

The following sections describe interferences calculated for the models described in
the previous section.

Scalar Higgs model The scalar Higgs boson mainly shows a negative interference as
already indicated by the values of the total cross sections including or ignoring
the interference, respectively. Considering the full tt invariant mass distribution
as shown in figure separate calculations of QCD and resonance tt produc-
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7.15: Interference of the pseudoscalar Higgs model. A strong negative interference
leads to a deficit above the nominal mass of the resonance and imprints a sharp edge
into the tt invariant mass distribution which even drops below the differential cross
section predicted by pure QCD tt production.
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7.16: Interference of the Z' model. Only a small interference is visible strictly

localised in the region of the nominal mass of the resonance. The visible effect of
the interference is mainly a small decrease of the height of the peak. The total cross
section is not changed by the interference.
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tion show a small bump at the nominal resonance mass on top of the continuous
distribution of QCD tt events.

The distribution of full ¢t production shows an even smaller bump, because
of the negative interference. In its major bins at nominal resonance mass, the
interference is of the same size as the pure resonance, but with an opposite sign.
Compared to its small size, the strength of the resonance is reduced significantly
so that the bump only appears as a small edge where the spectrum drops by a
small amount.

Pseudoscalar Higgs model The pseudoscalar Higgs model shows a stronger inter-
ference than the scalar Higgs model. The peak is enhanced below the nominal
resonance mass and reduced above, as can be seen in figure|7.15

The size of the interference is of the same order as the actual resonance signal,
but also negative above the nominal resonance mass. This leads to a deficit of
events in this region. In this case the negative part of the interference is even
stronger than the pure resonance contribution so that the appropriate region
contains even less events than suggested by pure QCD.

In total, the interference slightly increases the total cross section, because it en-
hances resonance production at lower invariant mass and suppresses resonances
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Figure 7.17: Interference of the coloron model. The strongest effect of the interference is
a large decrease of the height of the continuum peak, which also decreases the total
cross section. The predicted cross section is even lower than that predicted by QCD
only tt production.
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Figure 7.18: Interference of the axigluon model. Almost no differences are visible between

both cases including or ignoring an interference. Thus, all interferences can be
ignored for the axigluon model.

production at higher invariant mass compared to the nominal resonance mass.
As a consequence, it is more likely to produce a resonance at slightly lower in-
variant mass than a heavier one. Additionally, resonance production at lower
invariant mass is also prefered kinematically, because of a larger phase space.
Accordingly, the cross section of resonance production rises slightly.

Z’ model The tt invariant mass distributions of the sequential Z’ model including or

ignoring the interference look almost the same. Nevertheless, there are some
differences visible in figure[7.16]

First of all, the resonance peak is about 10 % smaller when the interference is
included. On the other hand, this is compensated by a similar excess of events
in the tail of the peak. These two effects nearly compensate such that total cross
sections of both cases remain equal. Thus, the interference in the sequential Z’
model, only changes the shape of the tt invariant mass spectrum, but not the
total cross section.

Coloron model As already shown earlier in figure [7.12] the coloron develops not

only a peak at its nominal mass, but also a strong continuum production of
top quark pairs. This can be clearly seen in figure [7.17] where the coloron
increases tt production by about 0.5 GS/’CZ at the continuum peak. Additionally,

the resonance shows the usual strong peak at its nominal mass.
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When considering the full model of QCD and resonance tt production, the col-
oron model shows the strongest interference of all models considered in this
study when compared for equal nominal mass. The interference can be divided
into a continuum region and a region at the nominal resonance mass. An inter-
ference only becomes relevant, if both the QCD and the resonance contributions
become of equal size at a certain point in the invariant mass spectrum. Other-
wise the spectrum is dominated by only one contribution and the other one can
be ignored.

With the continuum part of coloron production, the resonance can also interfere
strongly with QCD in the continuum region. In this case, the interference is
even stronger than the pure resonance and turns the increase of the differential
cross section into a deficit of similar size, i.e. tt production is decreased by
about 0.5 Ge}\)/]/jc2 at the continuum peak. As continuum production of colorons
persists with increasing mass of the coloron, so does the interference with QCD
at the continuum peak.

The second region with a significant interference is located at the nominal mass
of the resonance where the invariant mass spectrum first shows a small deficit
below the nominal mass, followed by a small excess of differential cross sec-
tion compared to a model without interference. This structure gets smaller and
smaller with increasing resonance mass.

Axigluon model Compared to the strength of the pure resonance, the axigluon model
shows the smallest interference of all considered models.

According to figure |[7.18} the interference is of the order of 1% of the size of
the mass peak. In a comparison of both distributions of cases with or without
an interference, almost no difference becomes visible. Thus, for the axigluon
model, it is safe to ignore any effect of an interference.

In total, all considered models reveal quite different patterns of interference depend-
ing on the spin and parities of the resonance. Most interferences are located in a small
region near the nominal mass of resonances. In order to be able to observe interfer-
ences in measurements, structures have to exceed the experimental resolution of the
invariant mass of top quark pairs. Otherwise, fine structures are smeared by limited
resolution of the detector and reconstruction. As determined in section observ-
able structures have to be larger than the experimental resolution of the respective
invariant mass, which has been determined earlier to an order of about 15 %.

This means, that it will be quite difficult to observe interference in direct measure-
ments of the tt invariant mass spectrum. Figure shows distributions of the dif-
ferential cross sections after detector simulation and semileptonic reconstruction of
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models including an interference and without interference compared to QCD only tt
production. Each of the five histograms shows distributions for a different type of
resonance considered in this study.

A large difference between distribu-
tions respecting and ignoring the in-

model interference
terference can only be seen for the
Coloron model, although the major scalar Higgs strong negative
difference arises not from the peak pseudoscalar Higgs strong
at nominal mass of the resonance, sequential Z’ negligible
but from the peak of the continuum. coloron strong negative
In all other distributions, the inter- axigluon negligible
ference is hardly visible, which is
the expected behaviour for structures Table 7.8: Scheme of interferences with re-
smaller than the experimental resolu- spect to resonance properties.

tion. Although most of the interfer-

ences considered in this study are not visible any more after detector simulation and
semileptonic reconstruction, the full analysis is nevertheless applied also to these mod-
els, because interferences could have subtle effects for the determination of sensitivi-
ties to a certain model.

In summary, it is difficult to establish a general rule for the size and shape of an
interference. It depends on the couplings to the left- and right-handed components of
quarks as well as the strength of the coupling. Table shows an estimation of the
interferences encountered in the models presented in this section.

7.5 Systematic Uncertainties

There are some systematic uncertainties which limit the ability to distinguish the stud-
ied models from each other when considering the invariant mass spectrum of top quark
pairs. The most important experimental uncertainties arise from limited precision in a
measurement of the integrated luminosity, the total cross section of a specific process
and the determination of the jet energy scale. Additionally, theoretical uncertainties
arise from limited knowledge of parton distribution functions and the leading order
approximation of matrix elements.

From these uncertainties, PDF and JES errors have been determined for all studied
models separately, i.e. all events have been analysed repeatedly with different as-
sumptions of parton distribution functions and jet energy scales. On the other hand,
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luminosity or cross section uncertainties can be treated more easily by smearing the
number of events in ensembles, during the calculation of sensitivities.

7.5.1 Luminosity and Cross Section Uncertainties

Uncertainties in integrated luminosity and total cross sections are strongly correlated
and, in case of this study, even have identical effects. Experiments can only determine
a total number of events after certain cuts. Cuts are optimised to select events match-
ing certain criteria. In the end, it is not possible to determine the actual hard process
of a single event. Only the full distribution can be measured, but not its decomposition
into distinct channels.

In experiment, the total number of events after all cuts is given by the extension of
equation [6.4] for several distinct processes

N=%-(016+...+0,8,), (7.2)

where ¢ is the integrated luminosity, o, ... o, are respective cross sections and ¢; ... €,
are respective selection efficiencies of processes 1...n. Each of these quantities has
its own uncertainty. When comparing a theoretical model to measured data, sizes
of all these quantities have to be determined or fitted against measured distributions
within their respective uncertainties. The above equation imposes a constraint on all
quantities such that the total number of events has to agree with measurement.

In case of this study, as already stated in section[6.3} relative amounts of contributions
from different processes are always fixed to predictions from the event generator. Rel-
ative values of cross sections for different contributions to the total distribution are
closely coupled when taking interferences into account. The only degrees of freedom
left available are the value of the integrated luminosity and one value for the total
cross section of all processes combined.

For a given number of events, these two remaining degrees of freedom are 100 %
anticorrelated via equation In this case, the predicted value of the total cross
section can be treated without any error and the uncertainty on luminosity accounts
for variations in the total number of events.

7.5.2 PDF Uncertainties

All known parametrisations of parton distribution functions are also affected by theo-
retical errors as well as limited accuracy of measured data, which had been used in
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fitting free parameters. As figure shows, these bands of uncertainty become large
at small values of Bjgrken-x, which become only accessible with higher centre-of-mass
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Figure 7.20: Uncertainties of parton dis-

tribution functions.  Figures
and show variations of the tt
invariant mass spectrum induced
by variations of the MSTW 2008
LO parton distribution functions
within given 1o errors. Figure
shows the difference between in-
variant mass distributions when us-
ing the MSTW 2008 LO or the
CTEQG6II PDF sets respectively.

Effects of uncertainties of parton distribution functions to the invariant mass spectrum
of top quark pairs can be seen in figure There are two contributions to the PDF
uncertainties. The first one is the uncertainty of one parametrisation. To determine
this error, PDF collaborations provide sets of PDFs which contain a central PDF and
a number of eigenvector error sets. The error sets parametrise positive and negative
errors to each parameter used in the PDF parametrisation. To determine this type
of error, the MSTW 2008 LO PDF set with 68 % CL errors [[75]] has been used in this
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study which consists of a central PDF and 20 pairs of positive and negative eigenvector
parametrisations.

These 20 pairs of error eigenvectors can be treated as statistically independent errors,
because they have been decorrelated. Then, to obtain only one PDF error band for all
considered quantities, the overall error is a quadratic sum of these errors. Moreover,
if both PDFs of one pair of error shift the invariant mass spectrum into the same direc-
tion, only the larger shift is considered as the appropriate error. The resulting differ-
ence between the central PDF and the summed PDF errors is shown in figure [7.20}(a)|

and[(D)]

The second type of PDF error is the difference between two independent parametrisa-
tions, published by different PDF collaborations. To estimate the effect of this uncer-
tainty, the invariant mass distribution has also been determined using the CTEQ611 [[165]]
PDF set. The difference arising between both PDF sets can be seen in the bottom dis-
tribution in figure[7.20}

Both types of PDF errors alter the invariant mass spectrum by about 2%. The com-
bined 20 PDF eigenvector errors together almost only affect the total rate of events,
but do not change the shape of the distribution strongly. The comparison with a differ-
ent PDF set also shows some changes in shape.

7.5.3 Jet Energy Scale Uncertainty

A key ingredient for an accurate reconstruction of the tt invariant mass is a precise
measurement of jet energies. Errors in this measurement arise from uncertainties in
determination of energy deposition in single cells of calorimeters as well as unavoid-
able mistakes when clustering detector hits to jets. Additional errors are introduced
by matching measured jet energies to energies of partons.

To account for errors in jet energy scales, the invariant mass spectrum has also been
calculated for variations of the jet energy scale by £5%, i.e. jet energies have been
uniformly scaled up and down by 5 %, respectively. The invariant mass distributions
with scaled jet energies are shown in figure Scaling of jet energies is directly
reflected in the invariant mass distribution. Invariant masses of fully hadronic tt
events are shifted upwards or downwards linearly with the variation in jet energies.
Invariant masses of semileptonic tt events only approximately scale linearly with jet
energy scales because the energy of the measured charged lepton is not modified by jet
energies. As a visible consequence, the invariant mass distribution appears stretched
or squeezed respectively, when jet energies are scaled.
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Figure 7.21: Invariant mass distribution with scaled jet energies. Variations in jet energies
stretch or squeeze the invariant mass distribution, respectively, because the semilep-
tonic invariant mass is depends almost linearly on jet energies, except for the energy
of the charged lepton. Additionally, additional or less events may pass cuts on jet
energies with different jet energy scales, which results in variations of the observed
total number of events.

A second effect of a modified jet energy scale is that more or less events may pass
applied cuts on jet energies. If the jet energy scale is increased, all jets are given higher
energies and may pass a certain threshold required by one of the cuts. Therefore, also
the number of selected events may rise, which increases the observed rate of events.

In total, the uncertainty on the jet energy scale ranges in an order of 10 %. Compared
to the PDF uncertainties, this induces a larger contribution to the overall error.

7.5.4 Uncertainty of Leading Order Approximation

All simulations have been carried out considering leading order Feynman diagrams
only in the hard process. As leading order calculations represent only the simplest ap-
proximation to the exact result, its error has to be estimated, which is difficult because
the exact result cannot be known. Therefore, the error is estimated as the difference
to a calculation in next-to-leading order carried out using MC@NLO 3.42 [[166} [167].
This event generator only calculates matrix elements and has to be interfaced with an
older version of HERwIG written in Fortran for hadronisation. Interfacing with HERr-
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wiG++ only recently became available with MC@NLO version 4.0, which was too late
for this study.

Additionally, generation of tt resonances is not implemented in MC@NLO, so that only
tt production in QCD can be compared between LO and NLO calculations. Figure
shows a comparison of the invariant mass spectrum calculated with Fortran HERWIG
6.5.10 and MC@NLO + Fortran HERWIG.

The main difference is a softer spectrum for tt production in NLO, i.e. at next-to-
leading order pairs of top quarks are more likely produced with a lower invariant
mass than at leading order. This is caused by additional Feynman diagrams that have
been calculated in the hard process. Diagrams of higher orders contribute corrections
to the leading order process, which change the shape and integral of the tt invariant
mass spectrum.

Above an invariant mass of 1T¢V/c2 uncertainty of the leading order approximation is
smaller than 10%. In the threshold region just above 2m,, the uncertainty grows to
almost 60 %, which means that the shape of the distribution in this region is not well
known.

As the real distribution of the invariant mass spectrum at infinite order of perturbation
theory is not known, it is assumed to lie somewhere in between the leading order and
next-to-leading order distribution. Additionally, the correction introduced by higher
orders is supposed to become smaller and smaller with increasing order of perturba-
tion theory. Accordingly, the uncertainty of the leading order approximation is not
treated as a Gaussian error, but as a one-sided, uniformly distributed error.
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7.6 Determination of Sensitivities

By combining a tt resonance with QCD tt production into a full process including
interference, it is not possible any more to separate the resonance and QCD contribu-
tions into distinct channels. This is true for every observable. Difficulties interpreting
sensitivities arise from two features of the full channel.

non-linearity of signals The resonance contribution cannot be scaled linearly any
more, because the interference has to be taken into account according to equa-
tion[6.1] Thus, the size of a resonance is not proportional to a given scale factor
any more. Also shapes of distributions change non-linearly with such a factor.

negative relative cross sections With strong interference between a resonance and
QCD tt production, splitting observed quantities into a resonance and a QCD
contribution does not have a meaningful interpretation any more. As seen in
figure[7.17] for the example of a coloron, the interference could even render the
resulting total cross section for a resonance negative. Without the context of an
interference, this would result in a negative number of events being produced
in particle collisions, which does not make any sense at all.

These properties make it cumbersome to present determined sensitivities in a consis-
tent, model independent and easily understandable way.

7.6.1 Representation of Sensitivities

Experimental exclusion limits for considered models can be expressed in various ways.
For this study, there are five characteristic quantities that, in principle, can be displayed
as functions of each other.

¢ nominal mass of the resonance
* total cross section

¢ integrated luminosity

* signal scale factor

* sensitivity

As not every combination makes sense to be investigated, only four combinations will
be discussed in the following. All representations are show for the sequential Z’ model,
because it does not show a significant interference. For this model, all considered quan-
tities should be equal with no significant differences, whether interference is respected
in simulations and analysis or not.
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The first possibility to present sensitiv-
ities is to draw the sensitivity against
integrated luminosity. As seen in fig-
ure integrated luminosity needed
for a given sensitivity can be easily read
off the diagram. As expected, the sen-
sitivities rise proportionally to v/ &, be-
cause the statistical error of the ensem-
bles of pseudodata shrinks with 1/vw, 10
where N is the total number of events.

QCD + Z' (500 GeV/c?)

without interference
- with interference

—_
o

TR

Y

sensitivity [o]

In this case, a Z’ boson with a mass
of m, = 5006¢V/c2 could be excluded
with 95% confidence level with an in-
tegrated luminosity of about 50 pb™1. It
has to be mentioned, that this diagram
does not include any systematic uncer- Figure 7.23: Sensitivity against inte-
tainties, which lower respective sensi- grated luminosity. Calculations re-
tivities such that more luminosity is specting interference agree with re-
X X . sults without interference.

needed for a certain exclusion limit. Ad-

ditionally, calculated sensitivities agree

well between models including and ignoring interference, respectively. Both calcula-
tion lead to same results for all luminosities.

|
1 10 102 10°
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The second possibility to present sensitivities is to draw the sensitivity against the
signal scale factor k. This parameter does not have a proper physical meaning, because
it only scales the strong, Higgs- or Z-like coupling chosen in simulation. Thus, k has a
different meaning in every different model, whereas exclusion limits should be quoted
in a model independent way, where possible.

The sensitivity for a given scale factor can be read off in figure For a scale factor
of 1, both types of calculations lead to the same sensitivity. For small values of «,
both calculations differ by a significant amount. The same is true for large values of k,
although not visible in the diagram, which can be explained by two reasons.

First, as seen in section none of the studied models is completely free of inter-
ference. Therefore, it is not surprising that results including interference differ from
the traditional approach without an interference. A second reason for the discrepancy
between both approaches is the way how the distribution with a scaled resonance
contribution is calculated.
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As explained in section distributions with scaled resonance contributions have
been calculated only from unscaled distributions. No additional events have been
generated with varied resonance coupling parameters. Instead, events have been
reweighted according to their partonic tt invariant mass to emphasise events with
a large resonance contribution.

Event weights have been calculated
from three distinct distributions of in-
variant masses, namely the pure QCD tt
production, the pure resonance contri-
bution and the full distribution includ-
ing the interference. In this combina-
tion, statistical errors of all distributions
add up, so that the lookup distribution
of event weights will contain large er-
rors. Therefore, event weights are af-
fected by relatively large errors. This dif-
ficulty cannot be avoided, even though
all distributions have been determined e N
with a huge number of events. As a re- 2 107 1 10
sult, extrapolations with a scale factor signal scale factor
far away from k = 1 should be inter-
preted carefully.
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Figure 7.24: Sensitivity against signal
When extrapolating away from k = 1, scale factor for a luminosity of

s opi ; s % = 100pb~'. The coloured dot
statistical fluctuations are amplified, so

. shows the sensitivity of a sam-
that the difference between two mod- ple with scaled resonance coupling

els appear larger than they actually are. inside the matrix element, corre-
The coloured dot in figure shows sponding to a signal scale factor
the sensitivity determined from a Z’ x=0.1.

sample, where the coupling of the res-

onance vertex has been scaled by ¥k =

V0.1 ~ 0.56 inside the matrix element. The result of this accurate calculation lies
close to the result without interference. This already indicates that reweighting should
not be applied when the scale factor differes from x = 1 too much. This issue is also
discussed in the next section.

A disadvantage of these two representations of results is that they only show a specific
model for one particular mass of the resonance. Presenting these diagrams for all
masses and all models would be confusing and it would be hard to get an overview
of this amount of diagrams. Thus, it is better to show sensitivities against nominal
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resonance mass for each type of resonance. Moreover, the signal scale factor x is not
a physical quantity, but only a parameter to scale couplings used during the event gen-
eration, whereas real tt resonances may have completely different and independent
couplings to particles of the Standard Model.

Figure shows the sensitivity for a
Z' resonance against its mass for an in-
tegrated luminosity of ¥ = 100pb~!. o ‘QCD+‘Z(1°°F’P1) S
It can be seen that both types of mod-

els, with or without interference, be-
have similarly, but also with some differ-
ences. The sensitivity for the pure res-
onance model decreases approximately b
linearly with increasing mass of the res- r
onance. The full calculation including
the interference shows a slightly steeper
decrease. F

t without interference -
r -=with interference 1

sensitivity [o]

Again, this diagram only applies for P N AR
fixed values of resonance couplings and 0 500 1000
therefore only contains information for mass [ GeV/c?]
this specific model.

P I
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Figure 7.25: Sensitivity against reso-

These examples show, that it is almost oo
nance mass for a luminosity of

impossible to ach1ev§: agre.emer.lt be- & = 100pb™). Error bars show
tween both types of simulations in the the accuracy of determined sensi-
complete 4-dimensional space of signal tivities with the used number of
scale factor, mass, luminosity and sen- ensembles.

sitivity, although the Z’ model exhibits
only a small interference.

The common way to display exclusion limits is to draw the total cross section of a pure
resonance times branching ratio into top quarks og., X BRg.._7 for a 95 % confidence
level against the mass of the resonance. This has the advantage of being independent
from specific values of coupling parameters. Certain models can be excluded by com-
paring their predicted cross sections for resonances with respective exclusion limits. In
case of this study, there is no value for the cross section of a pure resonances, because
the resonance only appears together with QCD tt production and interference. Addi-
tionally, the cross section for top quark pair production already includes the branching
ratio of a resonance into top quarks. Therefore, the branching ratio is not quoted
explicitly as a separate factor.
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An equivalent to the cross section times branching ratio of a pure resonance can only
be given by the difference between cross sections of a full model including a resonance
and the QCD model without a resonance. In case of no interference, this leads to the
same value as the cross section of a resonance alone. In case of a strong interference,
the resulting value is the excess of cross sections of a pure resonance with interference
over the cross section of pure QCD tt production. As stated before, this excess can
be negative when the full model predicts less events than expected from QCD, which
makes a meaningful interpretation difficult. Nevertheless, results of this study are
presented in this way in order to conform to common expectations for exclusion limits
as far as possible.

7.6.2 Sensitivities without Systematic Uncertainties

A first analysis of sensitivities is done without systematic uncertainties in order to
estimate the best result that can be obtained with the procedure of analysis described
so far. This means, when generating ensembles for different models, only statistical
uncertainties are taken into account.

Figure shows respective cross sections needed for a 95% CL exclusion limit for
different types of resonances.

In general, all lines for models without interference are smooth across the whole mass
range. Lines for models including interference show some fluctuations which can
be seen best for the scalar and pseudoscalar Higgs models, because they have the
smallest resonance contributions. Lines for the Z’ models and models of coloured
particles are rather smooth because of the larger resonances. Fluctuations originate
from the difficulty in scaling a small resonance contribution to different resonance
strengths. In this case, fluctuations of three different distributions add up as explained
by equation[6.2] leading to large statistical errors of the calculated distribution. These
arbitrary variations lead to fluctuations in shown exclusion limits when interpolating
between sensitivities of models with fixed resonance strengths.

The relative behaviour of both lines of sensitivities, with or without interference, is
similar for all other types of resonances. At low masses, the line of sensitivity respect-
ing interference is always below the line of a model without interference. At high
masses, both lines change positions. The lines for models respecting the interference
run above lines of models without interference. The crossing point is different for each
type of resonance.

This behaviour reflects the difficulty of scaling resonance contributions by reweighting
events. As shown in figure scaling of resonance contributions does not reproduce
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7.6. Determination of Sensitivities

corresponding sensitivities without interference when extrapolating too far from the
simulated resonance strength, even in cases of negligible interference. Tableshows
the scale factors needed for the Z’ model to achive the 95 % CL exclusion limits shown
in figure[7.26] The relative behaviour of the full model with respect to the line without
interference follows the flow of scale factors. The crossing point of both lines matches
the point with a scale factor of 1.

The discrepancies clearly show that reweighting of events on parton level accord-
ing to the partonic invariant mass spectrum does not seem to propagate accurately
through hadronisation, detector simulation, jet clustering and semileptonic reconstruc-
tion. Reweighting generates the correct tt invariant mass distribution on parton level
by construction, but does not reproduce the right distribution after semileptonic recon-
struction.

For accurate predictions of invariant mass spec-
tra after reconstruction, it is necessary to simu-
late explicitly all variations in coupling parame-

mass [GV/c2]  scale factor

ters inside the matrix element, which also leads 500 0.654
to more reliable results for sensitivities as has 600 0.685
been shown in figure This has to be done 700 0.691
for each model and every mass of a resonance. 800 0.854
This means, the number of generated events 900 0.958
has to be multiplied by the number of different 1000 1.125
values of coupling parameters and resonance 1100 1.283
masses. Also the amount of needed computing 1200 1.632
power increases by this amount, which is far too 1300 1.923
much for the current study. 1400 2.211

. . . . . 1500 2.867
As most interferences investigated in this study 2000 6.951

are localised in the immediate vicinity of the
nominal peak of the resonance, patterns of inter-
ference are also narrower than the experimental
resolution. Therefore, it cannot be resolved in
experiment by the method used in this study. As
seen in section shapes of distributions respecting or ignoring the interference
hardly differ. The only measurable effect of an interference remains a change in the
total cross section.

Table 7.9: Scale Factors of the
Z' model for 95 % CL

As already mentioned in section total cross sections of the full models deviate
from the sum of cross sections of the pure resonance and QCD tt production. Ad-
ditionally, all simulated resonances are narrower than the experimental resolution,
which is why the interference cannot be observed directly in experiment. Regarding
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7.6. Determination of Sensitivities

this situation, experimental sensitivities on total cross sections have to be equal for
both cases, whether the interference is considered or ignored. Therefore, when calcu-
lated with accurate scaling of resonance contributions, all lines in figure have to
lie on top of the lines without interference.

Instead of having different sensitivities on an excess of the total cross section, theoreti-
cal predictions deviate whether interference is taken into account or not. Interference
changes the total cross section of many models and, thus, increases or decreases the
strength of a possible signal. In turn, interference also influences discovery potentials
of these models. In total, not experimental sensitivities, but theoretical predictions of
cross sections are different between both types of models.

The only exception to this situation considered in this study is the coloron model. The
interference in this model introduces large differences, which are also easily visible
after detector simulation and semileptonic reconstruction. Therefore, also significant
differences in sensitivities are expected.

Figure does not provide a line for the full model of a coloron with interference,
because all sensitivities lie above 95 % CL for all scaled resonance contributions. This
means, even if the resonance is scaled down by k = 0.01, the sensitivity is still high
enough to exclude this model with more than 95 % CL for all masses of the resonance.
This changes, when systematic uncertainties are taken into account.

integrated exclusion limit [Gev/c2]
model luminosity without with
[/pb] interference interference

scalar Higgs 5000 400 —

pseudoscalar Higgs 500 550 800
sequential Z’ 100 850 850
coloron 20 4100 4500
axigluon 20 4000 4000

Table 7.10: Exclusion limits with only systematic uncertainties at 14 TeV centre-of-mass
energy. Larger integrated luminosities are needed to exclude models with small
resonance contributions like the Higgs models. Interferences can have strong impacts
on the achievable exclusion limits.

Table shows exclusion limits obtained without systematic uncertainties. Depend-
ing on respective strengths of couplings, different integrated luminosities are needed
to obtain 95 % CL exclusion limits. Cross sections of the scalar Higgs model are the
smallest. This model can only be excluded because of increased sensitivity in the
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7.6. Determination of Sensitivities

threashold region of the invariant mass spectrum. The negative interference in this
model decreases the cross section, so that no exclusion limit can be given, when the
interference is taken into account.

7.6.3 Sensitivities including Systematic Uncertainties

The final step of this analysis includes systematic uncertainties into the calculation of
sensitivities. As before, lines of sensitivities deviate between models including and
without interferences.

Figure summarises respective 95 % CL exclusion limits for the models under con-
sideration. Again, lines of models without interference are smooth across the whole
mass range. Lines of models including interference deviate slightly from these lines,
which is caused by problems in scaling the resonance contribution. Apart from these
difficulties, all lines are expected to lie on top of each other.

Again, the coloron model constitutes an exception, because of its large interference
with the QCD continuum. In the full model including the interference, the 95% CL
exclusion limit is negative, because the interference leads to a deficit of events, which
reduces the number of events compared to QCD tt production alone. In this case, ex-
clusion limits set a lower limit on the total cross section of ¢t production. A stronger
resonance contribution leads to a stronger interference, which would lower the observ-
able cross section below the given threshold, which could be discovered in experiment.

In order to exclude specific extensions of the Standard Model, predictions of reso-
nance cross sections of models described in section [7.3|have been superimposed onto
figure[7.27] Apart from calculations done in this work, most other calculations of cross
sections are done without paying attention to interferences. Full calculations includ-
ing interferences are hardly done at all, which is why corresponding numerical values
of cross sections are hardly available for the full models.

Figure[7.27) compares experimental sensitivities with the cross sections of models stud-
ied in this work. Resulting exclusion limits are summarised in table |[7.11} where a
larger integrated luminosity was chosen for the pseudoscalar Higgs model, because
no exclusion limit could be obtained for this model with % = 100pb~!. When sys-
tematic uncertainties are included, no exclusion limit can be established for the scalar
Higgs boson, even with integrated luminosities of several fb~!. Either a larger amount
of data is needed to exclude this model or a model with an increased Higgs cross
section could be considered, e.g. a 2HDM with tan(f8) < 1.
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integrated exclusion limit [GeV/c2]
model luminosity without with
[Y/pb] interference interference
scalar Higgs 5000 — —
pseudoscalar Higgs 500 500 650
sequential Z’ 100 700 700
coloron 100 4400 4500
axigluon 100 4300 4300

Table 7.11: Exclusion limits including systematic uncertainties at 14 TeV centre-of-mass
energy. Larger integrated luminosities are needed to exclude models with small
resonance contributions like the Higgs models. Interferences can have strong impacts
on the achievable exclusion limits.

7.7 Summary and Conclusion

This study investigated the effect of interferences of top-antitop quark pair production
in QCD with a new heavy elementary boson decaying into a tt pair, which is generally
called a tt resonance. Effects of interferences on the experimental data were of special
interest. The determination of their influence on experimental studies involved the
following steps.

* A new matrix element for the event generator HERwiG++ was developed, which
calculates the full process of heavy quark-antiquark production, including the
resonance as well as standard QCD gq production at the same time. The matrix
element has been designed as flexible as possible, so that it is able to simulate
resonances with almost every possible combinations of quantum numbers and
couplings.

* Using the newly developed matrix element, five different models have been
simulated, each with a different type of resonance. Studied models included a
scalar and a pseudoscalar Higgs boson, a sequential Z’ boson, a coloron model
and an axigluon model. For each model, a huge amount of events has been
generated for ~10 different resonance masses of each model. This large number
of events was necessary to distinguish interferences from statistical fluctuations
even at high resonance masses of up to 4.5T¢/2. With increasing mass of the
resonance, its fraction of events on the full process decreases rapidly. In order
to observe interference, which is an even smaller effect than the pure resonance
signal, even more events are necessary in order to gain enough resonance events
well above statistical fluctuations.
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* All generated events have been processed by the free, open source detector

simulation DeLpHES. This is important to estimate experimentally accessible
signatures. The layout and performance of the AtrAs detector has been chosen
as an example of an existing detector.

At several stages of an event, the invariant mass spectrum of top-antitop pairs
has been determined. By calculating the error in reconstructing the original tt
invariant mass, the mass resolution was determined at each considered stage of
the event. The development of resolutions over all stages exhibited steps which
introduce large errors in reconstruction of semileptonic events. The experimen-
tal resolution on the tt invariant mass in the semileptonic channel, averaged
over the full mass range, was determined to be 16.6 %.

Interferences have been calculated on parton level, revealing various patterns
of interference for different types of tt resonances, depending on its quantum
numbers and couplings. The pseudoscalar Higgs model exhibited the strongest
interference relative to the size of the pure resonance contribution, whereas
the coloron model showed the strongest absolute interference, also with the
tt continuum of QCD. The sequential Z’ and the axigluon model showed only
negligible interference.

A statistical analysis of expected data has been developed, taking into account
the specialities of interferences. Established tools of analysis could not be used
because the resonance contribution to the full tt spectrum cannot be separated
into a distinct channel. The irreducible background of ¢t events from QCD is
closely coupled to tt production via resonances. The according difficulties in a
determination of sensitivities have been addressed in the context of a modified
frequentistic approach.

Systematic errors of the semileptonic reconstruction have been determined and
respected in the determination of sensitivities of all considered kinds of ¢t res-
onances. Uncertainties of the leading order approximation are largest in the
threshold region of tt production, but less important in higher mass regions.
Jet energy scale uncertainties amount to about 10 % and PDF uncertainties to
only about 3 %.

Sensitivities to all considered models have been calculated and expected exclu-
sion limits for all these types of resonances have been determined. In general,
sensitivities to an excess of total cross sections over the standard QCD prediction
of tt production do not change with interferences as long as the resonances are
narrow, well below the detector resolution. Instead, theoretical predictions of to-
tal cross sections change when interference is taken into account, which renders
resonances more or less likely to be discovered.
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7.7. Summary and Conclusion

A special case is a strongly coupling resonance, which is produced directly in
gluon-gluon fusion. A strong interference, which is possible in models of a
vector or pseudoscalar particle, can significantly influence the continuum of the
tt invariant mass spectrum, which would be clearly visible in experiment.

* With wide resonances, interferences will certainly have an effect also on the
shape of the tt invariant mass distribution. In this case, a more sophisticated
method of analysis, as developed in this work, has to be applied in order to take
interference into account.

In summary, interferences do not affect analytical techniques significantly for narrow
resonances. Instead, they change values of theoretical predictions of total cross sec-
tions. On the other hand, interferences in models of wide resonances change total
cross sections as well as shapes of the tt invariant mass distributions. For this case, a
method has been developed to determine experimental sensitivities, that also accounts
for all difficulties arising, when tt production via a resonance and via standard QCD
cannot be distinguished or separated any more.
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Calculation of the Top Resonance

Colour Factors

A.1 The su(N¢) Algebra

Relations of all representations

The colour matrices Ti‘} withi,j =1...Ncanda =1... (Né — 1) respect the (anti-
Jcommutation relations

|:Ta7 Tbj| — l-fabcTc

{Ta’ Tb} — ]Vicgab + dabcTc

with totally antisymmetric structure constants f %, and totally symmetric coefficients
dabc
faxx = dﬂXX — 0

Furthermore, the three constants C», Cr and T are defined by the following equations
5abCA — faxyf bxy
5ijCF = (TaTa)ij
5Ty =Tr (T°T")
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Products

TATS =Tr

fabecdx —

Jacobi identities

Casimir operators

1
(aizéjk - —cauakl)

(6a66bd 6ad6bc) + Jacx gbdx _ gadx gbex

fabxfcdx _facxfbdx +fadxfbcx =0
fabxdcdx +facxdbdx +fadxdbcx =0
ab Né -1
5abTUTJk Crdi = TFN—5ik
C
faxyfbxy — CAéab — Ncéab
2
daxydbxy — NC _46ab
C
faxydbxy =0

Further relations for the structure constants

faxyfbnyczx —

daxyfbnyczx —
daxydbnyczx - _
daxydbyzdczx —

faxyfbnyczufdux — 6ab66d + 5ad5bc

&fabc
2
_]Edabc
2
1 N fabc
2

1 NC — 2dabc
2 Nc

NC abx gycdx __ acx X aax CcX
+T(d”dd daex qbdx 4 qadxgb )
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Relations of special Representations

Traces of the fundamental representation
Tr(].) = NC
Tr(T%) =0
Tr (T°T") = Tp5
1
apbpc) — abc - rabc
Tr (T°T°T°) = 2TF(d +ifeb)

Tr (TaTchTd) — %TF |:]Vi (5ab6cd _ §acghd +6ad6bc)
C

+ dabxdcdx _ dacxdbdx + dadxdbcx
+1i (dabxfcdx +dacxfbdx +dadxfbcx):|
Further relations for the fundamental representation
TeTh = 1 5ab + 1 (dabx +l~fabx) T
2N, 2
1
TXTOT™ = (CF - ECA) T®
FEITTY = éCAT“
i
PRI = S CuGe
For SU(2), all d**° = 0.

Following relation is only valid for SU(3)

Jabx gedx + Jacx gbdx +dadxdbcx — 1 (5ab5cd + §acgbd + 5ad6bc)
3
Common convention is 1
Te ==
F2
For SU(3) is
4
CF:§ and CA:NC:3
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Results may be extended to U(1) by setting

Te=C=1 and Ca=0
A.1.1 Multipletts of the su(3) Algebra

33=8®1

33=6®3
33®3=10080801

36=1008

306=120303
606=150120603
606=2708®1
8®8=270100100808®1
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A.2 Feynman Diagrams

g Q
Gt
A)
8 Q
g Q
B) 1
8 Q
g Q
]
8 Q
q Q
0 s
8
q Q
Q Q
E) % g
Q Q

H)

Q|
Ql

Pk

(scalar)

Note: If the direction of the
fermion loop makes a difference
(e.g. in colour factors), the dia-
gram with the opposite fermion
direction is labelled H’.

g Q

g

Ql

(colour octet)
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A.3 Colour Flows

number colour flow Feynman diagrams
colour singlet resonance  colour octet resonance

1 A,B A,B,H,I

2 y AC A CHI
\
3 v D,G D,F
/\
4 EF EG
5 ) H,1I -

Table A.1: Colour flows for implemented Feynman diagrams.
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A.4 Interferences

A.4.1 QCD Diagrams

Process Feynman diagram colour factor

~ (Ta)ij(_i)fabc(_i)fbdc(Td)ji
= (1) fapeSar TH(TT)
=6,4CATr(TTY)
=6,4CA8% T,

=CA(N} - DT:

= C,\N.Cp =12

~ (Ta)ij(Tb)jk(Tc)ki(_i)fabc
= —ifup Te(TTPT)

o1 .
= —ifue 5 Tr (4 +iF)

1

= E TFfabcfabC

R
2 FY“~A
1 2

= STeCa(NE — 1)

1 2
= ;CACr=6

—AC because the fermion line flows into
the opposite direction.

~ (T (T (TP (T
=(T");;(T)jkCe Oy

= CF(Ta)ij(Ta)ji

= C|§5ii

BB=CC =

, 16
=NCCF = ?
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Process Feynman diagram colour factor
~ (T (T (T (T
=Tr (T*T’T°T")

1
= (CF - ECA) Tr(TT?)
1 2
=|Gr—5Ca | TeNE - 1)

—C1C NC—2
I Rl

~ (Ta)ij(Tb)ji(Ta)kl(Tb)lk

—Tr T”) Tr(T“Tb)
=Te? T“ 1’)
DD =EE = — T2 ab5ab
— T26aa
=TZ(N¢ - 1)

= T:CeNe =

A.4.2 Colour Singlet Resonance Diagrams

Process Feynman diagram  colour factor

N(T )U ]1(T )kl6lk
DF =EG = = Tr(Ta)Tr(Ta)

~(T);0 4 (T") 6

_ _ = (T (T

— (T(T)
=Cgdy
:CFNC:4
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Process Feynman diagram  colour factor

~ 5ij5ji5k15zk

=06y
:Ng =9

FF=GG=

~ 5ij5jk5kz5zi
=0y
= NC = 3

oy
Q|
I

~ (Ta)ij5jk(Tb)ki(Ta)1m5mn(Tb)nl
=Tr (T°T") Tr (T°T")

=DD =EE

=TrCeNe =2

BH=CH=

~ (Ta)ij(sjifabC(Tb)kl5lm(TC)mk
= fTe(T) Tr (TT°)
=0

~ 6ij6ji5kl(Ta)lm(Tb)mk(Ta)npapq(Tb)qn
=6, Tr (T°T") Tr (T°T")

=Nc-DD =N¢-EE

=TeCeNZ =6

T
By
Il

O ONT /@)

A.4.3 Colour Octet Resonance Diagrams
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Process Feynman diagram  colour factor

~ (T9)5(T 25 (T (TP
:TT(T“Tb)TT(T“Tb)
=DD=EE

= TFCFNC = 2

DF =EG =

~ (TD)(TP) 5 (T (TP
:TY(TaTbTaTb)
=BC=DE

= (e - 2ca ) NeGe = -2
- FZA CF_3

~ (Ta)ij(Tb)ji(Ta)kl(Tb)lk
:TY(T“Tb)TT(T“Tb)
=DD =EE

= TFCFNC = 2

~ (T (T2 (T (TP
=Tr(TerPT7T?)
=BC=DE

—61CNC—2
T{MFT QA )Nt F T T
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Process Feynman diagram  colour factor
~ (5T )T (Tim (T (T
=Tr (T°T°7°) Tr (T°TT°)
1 2
= [ETF (d“bc+if“bc)}

1 .
= ZTg (dabcdabc _fabcfabc + 2ldabcfabc)

1 NZ-4
— 7T'-g ( C §aa _Ncaaa)
4 Nc

1
= —TFZN—C (N¢-1)

2
=-TeCr=-3

~ (T (T (T (T (TP (T
=Tr (TCTbT“) Tr(T‘lTbTC)

— |:%TF (dcba+ifcba):| |:%TF (dabc_,’_ifabc)]
= |:%TF (dabc_ifabc)i| |:%TF (dabc—l—ifabc)]
CH= = %TFz (dabcdabc +fabcfabc)

1 N2—4
2 C aa aa
= 6%+ Nco
4 F( Nc ¢ )
1 _2N2-4
=-T2=5— (N2-1
4°F Nc (v¢-1)

1 7
= "TrCp(2NZ —4) = =
2 FCr(2Ng —4) 3
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Process Feynman diagram  colour factor
~ (T (TP~ AT ) (TP Yy (T
= (—i)fedrr (T”Tb) Tr (TCTde)

1
— (_i)facd TFéabETF (dcbd + ifcbd)

= (_i)facd TF%TF (dacd _ ifacd)

AH = 1
= _ETszaCdfacd
1 2
:_ETFCAéaa
— 1 ZC N2 1
~ 3180 (4 -1)
1
:_ETFCFNCCA:_B
~ (T TP (T (T (Tt (T (TP pg (T g
=Tr (T°1?) - Tr (ToT°T) - Tr (TCTPTY)
1 1
— ab | _ acd sreacd) | — cbd - rcbd
=TS 2T,:(d +ifeed) ZTF(d +ifehd)
— %TE A (dacd +ifacd) . (dacd _ ifacd)
1
= Z g . (daCddacd +faCdfacd)
HEZ - - 2
< iz :> 1 NZ—4
:7T3~ C 5% 4 C,59@
4°F ( Nc¢ A
1o (a2 N¢
=T (Ng-1)- e e
1 NZ2-2
_ -3 (n2_1)._C
=T (n¢-1) e
=7T2CF-(N2—2)=Z
2 F C 6
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Process Feynman diagram  colour factor
N(Ta)ij(Tb)ji(Ta)kl(Tc)lm(Td)mk(Td)np(Tb)pq(TC)qn
=Tr (T°1?) - Tr (ToT°T?) - Tr (TPTOTY)

1 1
— ab | — acd  ;racd) , _ bed | :rbed
=TS 2TF(d +ifed) 2TF(d +ifbed)
1

4
1

o = 4 lg : (daCddacd _faCdfacd)
HH' = - - 2
,1 3, NC_45aa_C §5aa
T 4'F Nc A

1 NZ-4
- -0 (e

1
:—TE(N§—1)~N—C

Té . (dacd +ifacd) . (dacd +ifaCd)

1
=-T2Cr=—=
F-F 3
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A.5 Matrix Elements

A.5.1 Colour Singlet Resonance

2
|/ﬂgg| = Moy Mg,
1 1
=== |A+B+C+H+H[
4 64 Helicity,Colour
11 12-AA+ 16 BB+ 16 CC+6-[H+H'][H+H]
4 64 3 3

Helicity,Colour

_ _ _ _ 2 _ 2 _
+6~AB+6~BA—6~AC—6~CA—g-BC—5~CB
+0-A[H+H']+0-[H+H']A

+2-B[H+H']+2- [H+H’]]§+2-C[H+H’]+2-[H+H’]E)
1

_ 16 _ 16 _ —
+— > Re(12:AA+— BB+ —-CC+24-HH
et 3 3
elicity,Colour

_ _ 4 _ _ _
+12oAB—12~AC—g«BC+8~BH+8-CH)

1 4 _ _ _ _
— .= Z Re(9-AA+4-BB+4-CC+18-HH

3 Helicity,Colour

+9-A§—9~AE—BE+6-BH+6-CH)
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ID+E+F+GJ?

Helicity,Colour

(2~D5+2-EE+9~F?+9'GE
Helicity,Colour

2 2 _ _ _ _
—3'DE—Z ED+0-DF+0-FD+4:DG+4-GD

+4-E?+4-FE+0-E6+0-GE+3-F6+3-GF)

11 _ _ _ _

= Z Re(2-DD+2-EE+9-FF+9-GG
Helicity,Colour

4 — _ —
—§~DE+8~DG+8~EF+6-FG)
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————— Z Re (6-DD +6-EE +27 - FF +27-GG
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Helicity,Colour

—4-DE+24-D6+24-E?+18-F§)

185



A.5. Matrix Elements

A.5.2 Colour Octet Resonance
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Migrations in Reconstruction Levels
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Figure B.1: Invariant mass reconstruction on parton level and with first hadrons just after
hadronisation. Only child particles of top quarks are taken into account. Histograms
show the migration of the tt invariant mass from its true value to the reconstructed
value. Straight diagonal lines indicate an accurate reconstruction of the invariant
mass.
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Figure B.2: Invariant mass reconstruction at final state levels. Histograms show the migra-
tion of the tt invariant mass from its true value to the reconstructed value. Deviations
from a straight diagonal line indicate misreconstructed invariant masses. In the last
step, a mass resolution of % ~ 16.6 % can be achieved.
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Sensitivities with Statistical

Uncertainties
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Figure C.1: Sensitivities on scalar Higgs bosons with statistical uncertainties. Cross sections
for all respective masses indicate an exclusion limit of 95 % CL.
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Figure C.2: Sensitivities on pseudoscalar Higgs bosons with statistical uncertainties. Cross
sections for all respective masses indicate an exclusion limit of 95 % CL.
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Figure C.4: Sensitivities on colorons bosons with statistical uncertainties. Cross sections
for all respective masses indicate an exclusion limit of 95 % CL.
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Figure C.5: Sensitivities on axigluons with statistical uncertainties. Cross sections for all
respective masses indicate an exclusion limit of 95 % CL.
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Uncertainties
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Figure D.1: Sensitivities on scalar Higgs bosons with systematic uncertainties. Cross sec-
tions for all respective masses indicate an exclusion limit of 95 % CL.
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Figure D.2: Sensitivities on pseudoscalar Higgs bosons with systematic uncertainties. Cross
sections for all respective masses indicate an exclusion limit of 95 % CL.
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Figure D.4: Sensitivities on colorons with systematic uncertainties. Cross sections for all
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