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Zusammenfassung

Das Ziel dieser Arbeit war die Berechnung von LHC (Large Hardron Collider) Observablen für ein higgs-
loses supersymmetrisches Modell mit einer zusätzlichen Raumdimension in gewarptem Hintergrund. Das
Modell [1] basiert auf Modellen mit zusätzlichen Raumdimensionen, die in [2] [3] [4] und [5] untersucht
wurden. Für die phänomenologische Betrachtung des Modells untersuchen wir die Eigenschaften der er-
sten Kaluza-Klein Anregung des Gluons und den Kaluza-KleinGrundzustand des Sgluinos, die beide Teil
des fünfdimensionalen Eichmultipletts sind.

Die Arbeit ist wie folgt aufgebaut: Zuerst geben wir eine kurze Einführung in extradimensionale Mod-
elle und konstruieren dann eine supersymmetrische fünfdimensionale Theorie. Als nächstes stellen wir das
Modell vor, das in dieser Arbeit verwendet wurde. Danach berechnen wir die Massen und Kopplungen des
schweren Gluons und des Sgluinos und stellen die Feynmanregeln auf.

Im folgenden Kapitel berechnen wir den partonischen Wirkungsquerschnitt des2 → 4 Prozesses mit
zwei Gluonen im Anfangszustand und einem Top-Antitop und einem Bottom-Antibottom Paar im Endzu-
stand. Für die Berechnung benutzen wir als erstes die Narrow Width Approximation und als zweites eine
Monte Carlo Simulation. Um die Narrow Width Approximation zu berechnen, benutzen wir die Programm-
pakete FeynArts und FormCalc und für die Monte Carlo Simulation implementieren wir das Modell in
O’Mega und verwenden dann Whizard zur Erzeugung der Monte Carlo Ereignisse. Da wir bei der Narrow
Width Approximation2 → 2 Prozesse mit festen Endzuständen berechnen, führen wir nur Monte Carlo
Simulationen für2 → 4 Wirkungsquerschnitte durch, die entweder schwere Gluonenoder Sgluinos im
Zwischenzustand haben. Das ermöglicht uns im späteren Verlauf, beide Methoden miteinander zu verglei-
chen. Dabei stellen wir fest, dass die totalen Wirkungsquerschnitte der Narrow Width Approximation und
der Monte Carlo Simulation im Fall der schweren Gluonen bis auf 10% und im Fall der Sgluinos bis auf
0.05% miteinander übereinstimmen. Auch die Abhängigkeit desPolarwinkelsθ passt nach der Faltung der
Narrow Width Approximation mit den Zerfallswahrscheinlichkeit der Quarks im Laborsystem gut mit der
Monte Carlo Simulation überein.

Um Vorhersagen für Messungen am LHC machen zu können, berechnen wir im letzten Kapitel den
hadronischen2 → 4 Wirkungsquerschnitt mittels Monte-Carlo-Simulationen.Dazu müssen wir den par-
tonischen2 → 4 Wirkungsquerschnitt mit den Partonverteilungen der Protonen falten. Im Spektrum der
invarianten Masse des Top-Antitop Paares erhaten wir einenPeak, der bei der Masse des schweren Gluons
bzw. des Sgluinos liegt. Auch die Polarwinkelverteilung zeigt eine charakteristische Abhängigkeit der
neuen Teilchen.
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Chapter 1

Introduction

In the near future experiments at the LHC will produce the first data and one of the main tasks will be
the measurement of high energy physics, which provides information about the detailed dynamics of elec-
troweak symmetry breaking (EWSB). In the higgsless standard model the scattering of massiveW - and
Z-Bosons violates unitarity at energies higher than1.7 GeV. To keep unitarity and to ensure that the theory
remains renormalizable the most popular method for breaking the electroweak symmetry is introducing a
scalar Higgs field with a vacuum expectation value (VEV). Theminimal standard model (SM) including a
Higgs accords very well with the electroweak precision data, but until now there is no experimental verifi-
cation of a scalar Higgs field. Thus the question appears, whether there are other possibilities for EWSB.

Furthermore the minimal SM gives no natural explanation of the huge difference between the TeV scale
of the SM and much higher scales like the grand unification andquantum gravity scales. Last but not least
the minimal SM cannot describe cold dark matter (CDM), whichconstitutes 20% of the energy density of
the universe [6]. Based on all these facts we can regard the standard model as a well tested effective theory,
which is the low energy limit of an extended theory. The most popular extension of the standard model is
supersymmetry, but there exist other very interesting approaches like little Higgs or extra dimensions.

The first examinations of extra dimensional theories were done by Theodor Kaluza and Oskar Klein
[7][8]. At that time they wanted to unify electromagnetism with gravity through a five dimensional metric
field. Shortly after the development of the standard model, there were several approaches how to embed
the standard model in extra dimensional theories. In each ofthese models the extra dimension is com-
pactified and the 5D fields are decomposed with the Kaluza-Klein ansatz. Furthermore the emergence of
extra dimensional models gave rise to new approaches to realize EWSB. One finds that extra dimensional
models offer the possibility for breaking electroweak symmetry without introducing a Higgs. The EWSB
can be rather realized through boundary conditions, which have to be consistent with the variation of the
fully gauge invariant action. In this case the unitarity of scattering processes including massiveW - and
Z-Bosons can be ensured by the exchange of the massive Kaluza-Klein gauge bosons. Furthermore the
EWSB via boundary conditions is a soft symmetry breaking andtherefore the low energy theory looks
like a renormalizable one. Thus such models remain BRST invariant and therefore Ward Identities hold.
Since the Higgs mechanism is also necessary for the generation of the fermion masses in a gauge invariant
way, one main aspect of constructing extra dimensional models is the mass generation of fermions. For
generating fermion masses we follow the approach in [2], where the fermions also propagate in the extra
dimension.

In this diploma thesis we examine a warped extra dimensionalhiggsless supersymmetric model intro-
duced by Alexander Knochel and Thorsten Ohl [1]. The model structure has the following form. The
bulk gauge group isSU(3) × SU(2)L × SU(2)R × U(1)B−L, whereB is the baryon andL is the lepton
number. The motivation for introducing twoSU(2) gauge symmetries in the bulk is the following. The
Higgs potential in the minimal SM is invariant under the rotation of all four real components of the scalar
field. The rotation corresponds approximately to a globalSO(4) ∼ SU(2)L × SU(2)R and is reduced
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to a custodialSU(2)D when the Higgs gets a VEV. The remaining custodial gauge symmetry ensures the
correctW/Z mass ratio, i.e.ρ = 1. To get the same feature in extra dimensional theories we consider
anSU(2)L × SU(2)R gauge group in the bulk and break it to aSU(2)D on the TeV brane. In order to
get U(1)EM after integrating out the extra dimension, theSU(2)R × U(1)B−L is broken toU(1)Y on
the Planck brane. However in the case of flat extra dimensionstheρ parameter deviates from unity by ten
percent, and the lowest Kaluza-Klein excitations of theW andZ are too light. Thus constructing realistic
models with flat extra dimensions is not straightforward. Inthe case of warped extra dimensions we get the
correctW/Z mass ratio and the mass gap between the lightest vector bosons and their first Kaluza Klein
excitations can be increased to∼ 1 TeV. Moreover warped extra dimensional models have the nicefeature
to connect the Planck scale with the TeV scale through a warp factor and thus give a natural explanation
for the huge scale differences.

Despite these interesting features, models of electroweaksymmetry breaking in warped space do not
automatically contain stable particles as candidates for CDM. This is because the KK-parity, which is re-
quired for stable KK-modes does not hold in warped backgrounds any longer [9] [10]. Thus we have to
investigate extensions of warped extra dimensional models. Since SUSY is a well motivated extension of
the standard model and it provides natural candidates for cold dark matter, it is reasonable to study SUSY
in the background of warped extra dimensions. If the extension is compatible with R-parity, the model
provides stable candidates for CDM. An examination of CDM candidates in a supersymmetric extended
5D model was done in [1].

This diploma thesis is organized as follows. In chapter 2 we give a short introduction to flat and warped
extra dimensions. Afterwards we explain how to construct supersymmetric theories in extra dimensions,
where we exploit the correspondence between 5DN = 1 and 4DN = 2 SUSY. In chapter 4 we outline the
model that we examined in this thesis and in the following part we calculate the Feynman rules, couplings
and masses of the heavy gluon, sgluino, gluon and quarks. Thegluon, heavy gluon and sgluino are part of
the 5D gauge multiplet. In chapter 6 we calculate the partonic 2 → 4 cross section with two gluons in the
initial state and a bottom anti-bottom and top anti-top pairin the final state, which are the decay products
of the sgluino and heavy gluon of the intermediate state. Forthe calculation we firstly use the narrow width
approximation and secondly we perform a Monte Carlo simulation of the tree level2 → 4 process. To
understand the functionality of the Monte Carlo generator we give a short introduction to the color flow
decomposition and at the end of the chapter we compare the narrow width approximation with the Monte
Carlo simulation. In chapter 7 we discuss the parton model ofhadronic cross sections and make predictions
for characteristic measurements of the model at the LHC. In the Appendix we give a short summary of the
conventions we used in this thesis, list the couplings whichwere necessary for the calculation and at the
end we explain the implementation of the model in FeynArts and O’Mega.
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Chapter 2

Basics

2.1 Flat Extra Dimensions

In this section we will introduce the basic ideas of five dimensional theories with a flat and compact extra
dimension with topologyR4 × [0, L]. Therefore we start with fermions in a 5D theory and explain on the
basis of this example the extension from a four to a five dimensional theory, the Kaluza Klein decompo-
sition, the derivation of the 5D equations of motion and thereby how we obtain the mass spectrum of the
particles. More details towards this topic can be found in [2] and references therein. In the second part we
will examine the characteristics ofSU(N) gauge theories in extradimensional models. The notation we
use is defined in App. A.

2.1.1 Fermions and Extra Dimensions

In four dimensional theories the Clifford algebra reads

{γµ, γν} = 2gµν (2.1)

and can be extended to a five dimensional Clifford algebra through

{γM , γN} = 2gMN (2.2)

with M = 0, 1, 2, 3, 5. In 5D the smallest fermionic irreducible representation of the Poincaré group is the
Dirac spinor, which contains two two-component spinors from the 4D point of view.

Ψ =







ηα

χ̄α̇






(2.3)

In 5D the decomposition of the Dirac spinor in a right- and lefthanded part is meaningless because the
4D-projection operators

P+ =
1

2

(

−iγ5 + 1
)

P− =
1

2

(

−iγ5 − 1
)

(2.4)

do not commute with the Lorentz transformations anymore, sinceγ5 is already part of the 5D Clifford
algebra. The free bulk action for the Dirac spinorΨ is then given by

S5,fermion =

∫

d5x

(

i

2

(

Ψ̄γM∂MΨ − ∂M Ψ̄γMΨ
)

− mbulkΨ̄Ψ

)

. (2.5)

Varying the action with respect tōΨ we get the following bulk equation of motion

iγ5∂5Ψ + iγµ∂µΨ − mbulkΨ = 0 (2.6)

3



When we replace the Dirac spinors by expression (2.3) and perform the matrix multiplication with the
γ-matrices we can rewrite Eq. (2.6) and get two coupled equations of motion forη andχ̄.

iσµ∂µχ̄ − ∂5η − mbulkη = 0

iσ̄µ∂µη + ∂5χ̄ − mbulkχ̄ = 0 (2.7)

However when we vary the action we have to integrate by parts and thus get terms at the boundaries of the
fifth dimension.

δSbound =
1

2

∫

d4x [ ηδχ − χδη + η̄δχ̄ − χ̄δη̄ ]
L
0 (2.8)

We only regard terms which come from the integration by partsof the fifth dimension because we consider
that the fields fall off sufficiently fast at infinity and therefore their value at the 4D-boundaries can be put
to zero. Next we have to specify the boundary conditions so that the boundary variation (2.8) vanishes,
because we do not want additional dynamics of boundary fieldsthat affect the 5D dynamics. In this part of
the work we do not want to go further into the topic of boundaryconditions and postpone this issue to Sec.
4.2.

Now we want to discuss how to perform the Kaluza-Klein decomposition of the five dimensional Dirac
spinors. In all of the extra dimensional models examined in this work one can get rid of mixing terms
between∂µ and∂5 in the equations of motion. Hence we can always use the factorization ansatz and
decompose the 5D field into a part which depends on the extra dimension and a part which depends on the
4D coordinates. Because of the compact extra dimension,η andχ̄ get a discrete spectrum and can then be
written as

η(x, y) =
∑

n

η(n)(x)fη,(n)(y)

χ̄(x, y) =
∑

n

χ̄(n)(x)fχ̄,(n)(y), (2.9)

ηn andχ̄n are the 4D two-component spinors which form a Dirac spinor ofmassmn and therefore satisfy
the 4D equations of motion

iσ̄µ∂µη(n) − mnχ̄(n) = 0

iσµ∂µχ̄(n) − mnη(n) = 0 (2.10)

Plugging (2.9) into (2.7) we get the following differentialequations forgn andfn

f ′
η,(n) + mbulkfη,(n) − mnfχ̄,(n) = 0

f ′
χ̄,(n) + mbulkfχ̄,(n) − mnfη,(n) = 0 (2.11)

wheref ′ denotes the derivative of a functionf with respect toy. The above first order differential equations
are coupled. Hence by combining both we get two decoupled second order equations

f ′′
η,(n) +

(

m2
n − m2

bulk

)

fη,(n) = 0

f ′′
χ̄,(n) +

(

m2
n − m2

bulk

)

fχ̄,(n) = 0. (2.12)

Depending on the sign ofm2
n − m2

bulk we get either eikny and e−ikny
(

for m2
n − m2

bulk > 0
)

or ekny and
e−kny

(

for m2
n − m2

bulk < 0
)

as solutions fork2
n = m2

n − m2
bulk. Thus we get

fη,(n)(y) = Ane(i)kny + Bne−(i)kny

fχ̄,(n)(y) = Cne(i)kny + Dne−(i)kny

(2.13)
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We find out that for introducing an extra dimension we get a Kaluza-Klein tower for every particle, which
means that we have an infinite number of excitations, the so called Kaluza-Klein modes (KK-modes). The
ground state with massm0 will be identified with the standard model particle. If we want to work with
extra dimensional models we have to deal with an infinite particle content when reducing to a 4D theory.

Until now we have only regarded the free bulk action. As in 4D theories we can postulate a gauge
invariant Lagrangian to get interaction terms. To construct a 5D gauge invariant interaction we have to
introduce a 5D covariant derivative

DM = ∂M − ig5A
a
MT a, (2.14)

whereg5 is the 5D gauge coupling andT a are the generators of theSU(N) gauge group with[T a, T b] =
ifabcT c. The bulk action then reads

S5,fermion =

∫

d5x

(

i

2

(

Ψ̄γMDMΨ − DM Ψ̄γMΨ
)

− mbulkΨ̄Ψ

)

(2.15)

For getting the effective 4D theory we again have to integrate over the fifth dimension.

2.1.2 Gauge Theory and Extra Dimensions

Now we discuss gauge theories in extradimensional models. In 4D the action looks like

S4,gauge =

∫

d4x

(

−1

4
F a

µνF a,µν

)

(2.16)

with F a
µν = ∂µAa

ν − ∂νAa
µ − gfabcAb

νAc
µ. The extended 5D action then reads

S5,gauge =

∫

d5x

(

−1

4
F a

MNF a,MN

)

(2.17)

with F a
MN = ∂MAa

N − ∂NAa
M − g5f

abcAb
NAc

M . The 5D action can be separated into the usual 4D term
and an additional expression, where the fifth component of the gauge boson appears. This can be done by
summing explicitly over the extra dimension. The action canthen be written as

S5,gauge =

∫

d5x

(

−1

4
F a

µνF a,µν − 1

2
F a

µ5F
a,µ5

)

(2.18)

We now neglect the 4D term of the gauge action. We denote the reduced action by

S̃5,gauge =

∫

d5x

(

−1

2
F a

µ5F
a,µ5

)

=
1

2

∫

d5x
(

− ∂µAa
5∂

µAa,5 − ∂5A
a
µ∂5Aa,µ + 2 ∂5A

a
µ∂µAa,5

)

(2.19)

In the above expression a mixing term proportional to∂5A
a
µ∂µAa,5 shows up. To avoid this mixing between

the fifth component of the vector field and the 4D part, we add the following gauge fixing

SGF = −
∫

d5x
1

2ξ

(

∂µAa,µ + ξ∂5A
a,5
)2

=

∫

d5x

(

− 1

2ξ
(∂µAa,µ)2 − ξ

2

(

∂5A
a,5
)2 − ∂µAa,µ∂5A

a,5

)

(2.20)

To ensure the cancellation of the mixing terms from (2.19) and (2.20) we have to do an integration by parts.
As explained in Sec. 2.1.1 only the integration by parts of the fifth dimension gives a contribution due to
the boundaries.
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In perturbation theory the fields are treated as free fields and thus the time evolution is defined by the
free Hamiltonian. Hence to derive the equations of motion weonly have to consider the free 5D gauge
action given by

S
free

5,gauge=
1

2

∫

d5x
(

− ∂µAa
ν∂µAa,ν + ∂µAa

ν∂νAa,µ − ∂µAa
5∂µAa,5

− ∂5A
a
µ∂5Aa,µ − 1

ξ
(∂µAa,µ)

2 − ξ
(

∂5A
a,5
)2)

(2.21)

Varying the free action with respect toAa
ν andAa

5 we obtain the following equations of motion

− ∂2
5Aa,ν + ∂µ∂µAa,ν −

(

1 − 1

ξ

)

∂ν∂µAa
µ = 0

− ∂µ∂µAa,5 + ξ∂2
5Aa,5 = 0 (2.22)

After the variation we have to perform an integration by parts again in the extra dimension, which will give
an extra term for the variation of the action on the boundaries of the interval. Taking all the boundary terms
together we get the following expression

δSbound =

∫

d4x
[

∂5A
a
νδAa,ν − ξ∂5A

a
5δA

a
5 − Aa

ν∂νδAa,5 − ∂νAa,5δAa,ν
]L

0
= 0 , (2.23)

which has to vanish for the same reason as in Sec. 2.1.1. To solve the equations of motion we make the
ansatz

Aa
µ(x, y) =

∑

n

e−ipnxǫa
µλa

n(y)

Aa
5(x, y) =

∑

n

e−ipnxǫa
5λ

a
5,n(y) (2.24)

whereǫa
5 andǫa

µ are the polarization vectors. Note that there is no summation over the adjoint index of the
SU(N) gauge group. Furthermorep2

n = m2
n holds. Plugging the Kaluza-Klein decomposition ofAa

5 into
the second equation of motion of (2.22) we get

p2
nλa

5,n(y) + ξ
(

λa
5,n

)′′
(y) = 0 (2.25)

The solution of the above second order differential equation is given by

λa
5,n(y) = Aa

5,n e
i√
ξ

mny
+ Ba

5,n e−
i√
ξ

mny (2.26)

Now we want to solve the first equation of motion of (2.22). Therefore we plug (2.24) in the above equation
and assume w.l.o.g. that three of the four polarization vectorsǫν are perpendicular topν and one is parallel
to it. In the first case we haveǫν,apν = 0 and get forλa

n(y)

λa
n(y) = Aa

n eimny + Ba
n e−imny (2.27)

In the second case (ǫν,a = pν ǫ̃a) the solution is

λa
n(y) = Ca

n e
mn√

ξ
y

+ Da
n e−

mn√
ξ

y (2.28)

We will see later that the non-oscillating solutions are notcompatible with the boundary conditions and
therefore we can neglect them.

The only type of fields that we have not considered until now are scalar fields, but the extension of the
4D dynamics of scalars to a 5D one is the same as in the case of fermions and vectors shown in the sections
before. Therefore we introduce the 5D Lagrangian and the resulting 5D equations of motion with their
solutions when we define the model used in this thesis.

6



2.2 Warped Extra Dimensions

Now we want to extend the flat 5D model to a warped 5D one. Therefore we denote quantities which live in
curved spacetime witĥ. To understand the dynamics in a warped extra dimensional model better we first
introduce the very basics of classical curved spacetimes. General relativity is formulated to be invariant
under general coordinate transformations, the so called diffeomorphisms. To get nontrivial dynamics one
main aspect of constructing a theory is defining a derivative. In curved spacetime the partial derivative∂M

is not well defined because∂MAN is no longer a tensor field ifAN is a vector. To obtain a tensor field we
define the covariant derivative

DMAN ≡ ∂MAN − ΓP
MNAP , (2.29)

whereΓP
MN are the Christoffel symbols. The covariant derivative ofAN is

(

∂MAN + ΓN
MP AP

)

. To get
a geometrical interpretation of the Christoffel symbols wehave to go back to the definition of a derivative
in general curved spacetime. A tangential space where the vectorsAN are defined exists at every spacetime
point . A derivative connects two vectors each living in infinitesimal separated tangent spaces. To get the
connection between the two tangential spaces we have to define a map from one tangential space to the
other. This map is the so called parallel transport and the Christoffel symbols are the generators of it. After
the transformation both vectors are in the same tangential space and the partial derivative can be performed.
It makes sense then that in Eq. (2.29) an additional term thatcomes from the parallel transport appears.
From the requirement of metricity

DM ĝNP ≡ ∂M ĝNP − ΓL
MN ĝLP − ΓL

MP ĝNL = 0 (2.30)

and of the torsionsless condition,ΓP
MN − ΓP

NM = 0, it can be found uniquely that

ΓP
MN ≡ 1

2
ĝPL (∂M ĝNL + ∂N ĝML − ∂LĝMN ) . (2.31)

As the spinor representation of the Lorentz group cannot be linearly extended to the general coordinate
transformation group of general relativity we have to introduce the Vielbein formalism. Since the spacetime
of general relativity is locally Minkowskian, we can set up alocal orthogonal coordinate system at each
pointxM . The basis vectorsV A

M (x) (A = 0, 1, 2, 3, 5) are called the Fünfbein (or tetrad). They are related
to the metric tensor̂gMN (x) through

ĝMN = gABV A
M V B

N (2.32)

whereV M
BV A

M = δAB holds true. Extending Eq. (2.29), we require

DMV A
N ≡ ∂MV A

N − ΓP
MNV A

P + w A
M BV B

N = 0, (2.33)

wherew A
M B denotes the spin connection, which is the connection related to the local gauge transforma-

tions, so that the spin connection is nothing else but the gauge field for the Lorentz group. From Eq. (2.33)
the spin connection can be expressed as

w A
M B = V A

NΓN
MP V P

B −
(

∂MV A
N

)

V N
B (2.34)

and is antisymmetric with respect to the Minkowskian indices (w AB
M = −w BA

M ). The Christoffel sym-
bols then read in terms of the spin connection

ΓN
MP = V N

Aw A
M BV B

P −
(

∂MV N
A
)

V A
P (2.35)
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Next we want to examine the dynamics of fermions in a warped 5Dtheory. The action of the fermions
is

S5D,fermion =

∫

d5x
√

ĝ

[

i

2

(

Ψ̄ γ̂MDMΨ − DM Ψ̄ γ̂MΨ
)

− mbulkΨ̄Ψ

]

(2.36)

To rewrite the action in more compact form

S5D,fermion =

∫

d5x
√

ĝ
(

i Ψ̄ γ̂MDMΨ − mbulkΨ̄Ψ
)

+ B.T. (2.37)

we have to perform an integration by parts. Now we have to posethe question whether the integration by
parts holds true in curved spacetime. The first approach is tostudy the covariant derivative and how it acts
on Ψ̄γ̂MΨ

DM

(

Ψ̄ γ̂MΨ
)

= Ψ̄ γ̂M (DMΨ) +
(

DM Ψ̄
)

γ̂MΨ + Ψ̄
(

DM γ̂M
)

Ψ (2.38)

To get the integration by parts we know, we have to ensure thatthe covariant derivative of̂γM is equal to
zero. Moreover it becomes clear that the integration by parts with respect to the partial derivative does not
hold any longer because∂M γ̂M is not equal to zero in general. To calculate the covariant derivative of γ̂M

we must clarify how the spin connection acts on spinors.

Because we are locally in a 5D Minkowsky space, the only transformations that locally exist are the 5D
Lorentz ones. Hence the infinitesimal parallel transport ofa vectorAA can be written as

w A
M B AB = − i

4
wM CD

(

ΛCD)A
B AB (2.39)

This can easily be shown when plugging the vector representation of the Lorentz generators

(

ΛCD)A
B = i

(

gCAδDB − gDAδCB
)

(2.40)

in Eq. (2.39). Operators transform with the commutator and therefore the infinitesimal parallel transport
of γA is

w A
M B γB = − i

4

[

wM CD ΛCD, γA] (2.41)

This can be seen after a short calculation by plugging the spinor representation of the Lorentz generators

(

ΛCD)j
i

=
i

2

[

γC , γD]j
i

(2.42)

in Eq. (2.41) and using the anticommutator relation of theγ-matrices({γA, γB} = 2gAB). At this point
we want to give a short summary how the spin connection acts onvectors and fermions to get a consistent
convention. Therefore we require the covariant derivativeof the vectors

DMAA = ∂MAA + w B
MA AB = ∂MAA − i

4
wM CD

(

ΛCD) B
A AB

DMAA = ∂MAA + w A
M BAB = ∂MAA − i

4
wM CD

(

ΛCD)A
B AB (2.43)

and the fermions

DMΨi = ∂MΨi + w j
M i Ψj = ∂MΨi − i

4
wM CD

(

ΛCD) j

i
Ψj

DM Ψ̄i = ∂M Ψ̄i − w j
M i Ψ̄j = ∂M Ψ̄i +

i

4
wM CD

(

ΛCD)j
i
Ψ̄j (2.44)
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Now the only thing to do is to calculate the covariant derivative of γ̂N . Thus we regard the covariant
derivative ofΨ̄γ̂NΨ and get

DM

(

Ψ̄γ̂NΨ
)

=
(

∂M Ψ̄
)

γ̂NΨ + Ψ̄ γ̂N (∂MΨ) + Ψ̄
(

∂M γ̂N
)

Ψ + Ψ̄ ΓN
MP γ̂P Ψ

=
(

∂M Ψ̄
)

γ̂NΨ + Ψ̄ γ̂N (∂MΨ) − i

4
Ψ̄ wM γ̂NΨ +

i

4
Ψ̄ γ̂NwMΨ + Ψ̄

(

DM γ̂N
)

Ψ

(2.45)

With that equality we can write the covariant derivative ofγ̂N as follows

DM γ̂N = ∂M γ̂N + ΓN
MP γ̂P − i

4

[

wM CD ΛCD, γ̂N
]

= 0 (2.46)

Plugging Eq. (2.35) and (2.41) in Eq. (2.46) we see that the expression vanishes. Thus an integration by
parts exists in curved spacetime

∫

d5x
√

g
(

Ψ̄ γ̂MDMΨ
)

=

∫

∂S

√
g
(

Ψ̄ γ̂MΨ
)

−
∫

d5x
√

g
(

DM Ψ̄ γ̂MΨ
)

(2.47)

After this short excursion about properties of curved spacetimes we want to come back to warped extra
dimensional theories. First we discuss the basic characteristics of the warped 5D model and afterwards
explain on the basis of the fermionic action how to obtain theequation of motion and how to solve it. The
metric of the warped 5D spacetime is

ĝMN =
1

k2z2
δAMδBN gAB, g = diag(1,−1,−1,−1,−1) (2.48)

and from this it follows that the vielbein is

V A
M =

1

kz
δAM (2.49)

To get the correct dynamics for the fermions we have to calculate the spin connection for the warped 5D
metric. Therefore we use Eq. (2.34) and (2.31) and obtain

w A
M B = − 1

z
V N

BV A
P

(

δ5
MδP

N + δ5
NδP

M − ĝP5gMN

)

+
1

z
V N

Bδ5
MV A

N

= − 1

z
V N

BV A
P

(

δ5
MδP

N + δ5
NδP

M − ĝP5gMN

)

(2.50)

where we used∂MV A
N = − 1

z δ5
MV A

N . Since we want the fermionic spin connection we choose the spin
representation of it

i

4
wM CDΛCD =

1

8z
V N

DVCP

(

δ5
NδP

M − ĝP5gMN

) [

γC, γD]

=
1

8z

(

δ5
NδP

M − ĝP5gMN

) [

γ̂P , γ̂N
]

=
1

4z

(

γ̂M γ̂5 − γ̂5γ̂M

)

(2.51)

From this we get the following covariant derivative for fermions

Dµ = ∂µ − 1

2z
γ̂µγ̂5

D5 = ∂5 (2.52)
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Because we have shown that the integration by parts is a validoperation in curved spacetime we can extend
the Euler-Lagrange equations to a covariant form

∂L
∂Ψ

− DM
∂L

∂ (DMΨ)
= 0 (2.53)

As a next step we have to clarify what the natural representations of theγ-matrices and the covariant
derivative are. Hence the spin representation with Dirac fermions exists only in the local Minkowsky space
the naturalγ-matrices are the flat ones in opposition to the covariant derivative, which is naturally defined
in curved spacetime. Therefore we write the fermionic action as follows

S5D,fermion =

∫

d5x
√

ĝ
(

i V M
A Ψ̄ γADMΨ − mbulkΨ̄Ψ

)

=

∫

d5x
1

k4z4

(

i δM
A Ψ̄ γADMΨ − c

z
Ψ̄Ψ
)

(2.54)

wherec = mbulk/k and
√

ĝ = 1/
(

k5z5
)

. The 4D part of the covariant derivative then reads

δµ
AγADµ = δµ

AγA
(

∂µ − 1

2z
γ̂µγ̂5

)

= δµ
AγA∂µ − 1

2z
kz γ̂µγ̂µγ̂5

= γα∂α − 2

z
γ5 (2.55)

With this information we can derive the equations of motion for η andχ̄

iσα∂αη + ∂5χ̄ − c + 2

z
χ̄ = 0

iσα∂αχ̄ − ∂5η − c − 2

z
η = 0 (2.56)

Using the Kaluza-Klein decomposition given in Eq. (2.9) andthe 4D equations of motion from (2.10) we
get the following equations of motion for the 5D part of the fermionic wave functions

f ′
χ̄,(n) + mnfη,(n) −

c + 2

z
fχ̄,(n) = 0

f ′
η,(n) − mnfχ̄,(n) +

c − 2

z
fη,(n) = 0 (2.57)

As in the flat case we have two coupled first order differentialequations which can be transformed into two
second order differential equations

f ′′
χ̄,(n) −

4

z
f ′

χ̄,(n) +

(

m2
n − c2 − c − 6

z2

)

fχ̄,(n) = 0

f ′′
η,(n) −

4

z
f ′

η,(n) +

(

m2
n − c2 + c − 6

z2

)

fη,(n) = 0 (2.58)

whose solutions are linear combinations of Bessel functions

fχ̄,(n)(z) = z5/2
(

AnJ1/2−c(mnz) + BnY1/2−c(mnz)
)

fη(n)(z) = z5/2
(

CnJ1/2+c(mnz) + DnY1/2+c(mnz)
)

(2.59)

Using the bulk equations of motion (2.57) we obtain

An = Cn and Bn = Dn. (2.60)
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Chapter 3

Supersymmetric Extension in 5D

Since we want to implement supersymmetry in a warped extra dimensional model we need a five dimen-
sional description of supersymmetry. This means that we first extend the four dimensional supersymmetry
algebra to a five dimensional one and in a next step construct the field representations of this algebra. We
will see that we can obtain the 5D supersymmetry representations out of 4D representations and thus the 5D
action is a sum of the normal 4D supersymmetry action and an additional 5D part. Thus we will first give
a short review of 4D supersymmetry. Afterwards we present a formalism for constructing five dimensional
supersymmetric theories.

3.1 Supersymmetry in 4D

This section’s intention is to give a summary of all main topics of 4D supersymmetry that we need to
construct a 5D SUSY. If you want to know more details, [11] offers a well structured introduction in 4D
supersymmetric issues. First we start with the algebra of supersymmetry and then we switch over to the
representations of this algebra. Next we give a short overview of the superfield formalism and finally
construct the most general 4D gauge invariant interaction.

3.1.1 Supersymmetry Algebra

The supersymmetry algebra is the only graded Lie algebra of symmetries of the S-matrix consistent with
relativistic quantum field theory. The proof of this statement is based on the Coleman-Mandula theorem,
a theorem about the possible symmetries of the S-matrix. Thetheorem indicates that the most general Lie
algebra of symmetries of the S-matrix contains the energy-momentum operatorPµ, the Lorentz generators
Mµν and a finite number of operatorsBl which transform as scalars under Lorentz transformations and
must belong to a Lie algebra of a compact Lie group. For example the gauge transformations contain such
operators.

Supersymmetry eludes the restrictions of the Coleman-Mandula theorem by generalizing the notion of a
Lie algebra so that the Lie algebra now includes elements whose defining relations involve anticommutators
as well as commutators. These new algebras are called superalgebras or graded Lie algebras. They can be
written as

{Q, Q′} = X , [X, X ′] = X ′′ , [Q, X ] = Q′′ (3.1)

whereQ, Q′ andQ′′ represent the odd (anticommuting) part of the algebra andX , X ′ andX ′′ the even
(commuting) part. The operatorsX are determined by the Coleman-Mandula theorem and therefore either
elements of the Poincaré algebra or elements of a Lorentz invariant compact Lie algebra.

The Coleman-Mandula theorem tells us that the anticommutator of theQ’s has to be an element of the
Poincaré group. Because the Poincaré algebra only contains spin 1 objects, theQ’s have to be of the form
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Q L
α andQ̄α̇M , whereQ̄ denotes the hermitian conjugate ofQ. The Greek indices(α1, ..., αa, α̇1, ..., α̇b)

run from one to two and denote two-component Weyl spinors. Moreover the anticommutator ofQ L
α and

Q̄α̇M has to close intoPαα̇

{Q L
α , Q̄α̇M} = 2Pαα̇δL

M , (3.2)

wherePαα̇ = σ µ
αα̇ Pµ andσ is the intertwiner between the spin and vector representations. The anticom-

mutator of two odd elements, both with undotted indices can be written as

{Q L
α , Q M

β } = ǫαβXLM (3.3)

The generatorsXLM commute with all generators of the Poincaré group and thoseof a Lorentz invariant
compact Lie algebra and for this reason they are called central charges. The supersymmetric algebra then
reads

[

Pµ, Q L
α

]

=
[

Pµ, Q̄α̇L
]

= 0

{Q L
α , Q̄α̇M} = − 2 σ µ

αα̇ Pµ δL
M

{Q L
α , Q M

β } = ǫαβXLM

{Q̄α̇L, Q̄β̇M} = ǫα̇β̇XLM

[

XLM , Q̄α̇K

]

=
[

XLM , Q̄ K
α

]

= 0 (3.4)

3.1.2 Representations of theN = 1, 2 Supersymmetry Algebra

In this part we want to study the 4DN = 1 andN = 2 representations of supersymmetry on one-particle
states since we need these representations later on to understand the decomposition of the 5D superfields
in 4D ones. Since the mass operatorP 2 is a Casimir operator of the SUSY algebra, the particles in an
irreducible representation of the SUSY algebra are of equalmass. Furthermore it can be shown by a short
calculation that every representation has the same number of bosonic and fermionic degrees of freedom.

Now we want to construct the representation of the supersymmetry algebra corresponding to massive
one-particle states (P 2 = M2). To construct a 4DN = 2 SUSY out ofN = 1 representations we require
massiveN = 1 representations. Thus we show in the following part how to get the massive SUSYN = 1
representations very easily. For simplicity we boost the four-vectorPµ to the rest framePµ = (M, 0, 0, 0)
and find for the algebra

{Q A
α , Q̄β̇B} = 2Mδαβ̇δA

B

{Q A
α , Q B

β } = {Q̄α̇A, Q̄β̇B} = 0 , (3.5)

where we set the central charges to zero for simplicity. The indicesA andB run from one toN . To get a
more intuitive access to the supersymmetry algebra we rescale the generatorsQ so that

a A
α =

1√
2M

Q A
α

(

a A
α

)†
=

1√
2M

Q̄α̇A (3.6)

and we recognize the algebra of2N fermionic creation and annihilation operators. The algebra ofa A
α and

(

a A
α

)†
then reads

{a A
α ,

(

a B
β

)†} = δαβ̇δA
B

{a A
α , a B

β } = {
(

a A
α

)†
,
(

a B
β

)†} = 0 (3.7)
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Since the supersymmetry algebra is isomorphic to a2N fermionic oscillator algebra, it can be represented
on a Fock space. The Clifford (Fock) vacuumΩ is defined by

a A
α Ω = 0. (3.8)

The states are built by applying the creation operators
(

a A
α

)†
to the vaccum stateΩ

Ω
(n) α1 ... αn

A1 ... An
=

1√
n!

(

a A1
α1

)†
...
(

a An
αn

)†
Ω (3.9)

and the dimension of the representation is given by

d = 22N (3.10)

Note that we regard only spin0 vacua in the massive case. The massiveN = 1 representation of the
supersymmetry algebra therefore contains two spin0 states and one spin12 state. When we introduce the
superfield formalism, we will see that the discussed representation can be identified with a massive chiral
superfield.

Next we want to study the supersymmetry representations built from massless one-particle states
(P 2 = 0). Therefore we use the frame wherePµ = (E, 0, 0,−E). The algebra then becomes

{Q A
α , Q̄β̇B} = 2M







2E 0

0 0






δA

B

{Q A
α , Q B

β } = {Q̄α̇A, Q̄β̇B} = 0 (3.11)

Again we rescale the generators Q

aA =
1

2
√

E
Q A

1

(

aA
)†

=
1

2
√

E
Q̄1̇A (3.12)

and we find that the algebra consists ofN creation and annihilation operators

{aA,
(

aB
)†} = δA

B

{aA, aB} = {
(

aA
)†

,
(

aB
)†} = 0 (3.13)

Thus we can construct the massless supersymmetry representations by applying the creation operatorsaA

to a Clifford vacuum with helicityλ. SoaA and
(

aA
)†

raising and lowering the helicity by12 and the states
can be written as

Ω
(n)

A1 ... An
=

1√
n!

(

aA1
)†

...
(

aAn
)†

Ωλ (3.14)

The dimension of the representation is given by2N . We regard only the massless representations of vacua
with λ equal to0, 1/2 and−1/2, since these are the representations we need to construct a physicalN = 2
supersymmetry. To get a CPT invariant theory the states mustbe doubled, since CPT reverses the sign
of the helicity. The CPT-complete representations are shown in Tab. 3.1 and 3.2. Note that theN = 2,
λ = −1/2 multiplet is by construction CPT-complete. Moreover the massive 4DN = 1 representation is
the same as the 4DN = 1 CPT-complete massless representation of the spin−1/2 and0 vacua. We will
use this identity later to construct the whole theory out of 4D N = 2 massless representations.
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hel. λ = − 1
2 λ = 0 λ = 1

2

1 1

1
2 1 1 1

0 1 + 1 1 + 1

− 1
2 1 1 1

−1 1

Table 3.1: Massless 4DN = 1 representations.

hel. λ = − 1
2 λ = 0 λ = 1

2

3
2 1

1 1 2

1
2 1 2 1

0 2 1 + 1

− 1
2 1 2 1

−1 1 2

− 3
2 1

Table 3.2: Massless 4DN = 2 representations.
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hel. 1 − 1
2 0 1

2 1

N = 2 1 2 1 + 1 2 1

N = 1 1 1 1 1

N = 1 1 1 + 1 1

Table 3.3: Decomposition of the 4DN = 2 representation (λ = 0).

hel. 1 − 1
2 0 1

2 1

N = 2 1 2 1

N = 1 1 1

N = 1 1 1

Table 3.4: Decomposition of the 4DN = 2 representation (λ = − 1
2 ).

Each of theN = 2 multiplets can now be decomposed in twoN = 1 representations, as shown in Tab.
3.3 and 3.4 for the case of the spin0 and spin−1/2 vaccum. TheN = 2, λ = 0 representation splits into
a N = 1, λ = 0 and aN = 1, λ = 1/2 representation. TheN = 2, λ = −1/2 representation splits into
a N = 1, λ = 0 and aN = 1, λ = −1/2 representation. Massless representations have dimension2N

and massive representations have dimension22N . Thus in the case ofN = 1 SUSY we have to double
the masslessN = 1 multiplets of Tab. 3.4 to get massiveN = 1 representations. As we want to have
a supersymmetric field theory we have to construct the field representations of the SUSY algebra, which
will be explained in the next section. We will see that the doubledN = 1 multiplets of Tab. 3.4 can be
identified with two massive chiral superfields and theN = 1, λ = 1/2 andN = 1, λ = 0 representations
of Tab. 3.3 with a massless vector and a massless chiral superfield, respectively.

3.1.3 Superfields

Now we give a short introduction to the superfield formalism because it provides an elegant and compact
description ofN = 1 supersymmetry field representations. To formulate a supersymmetric field theory
we must represent the supersymmetry algebra in terms of fields not restricted by any mass-shell condition
first. Therefore we introduce a set of anticommuting parametersξα, ξ̄α̇

{ξα, ξβ} = {ξα, Qβ} = ... = [Pµ, ξα] = 0 , (3.15)

which allow us to express the supersymmetry algebra in termsof commutators

[ξQ, ξ̄Q̄] = 2 ξσµξ̄Pµ

[ξQ, ξQ] = [ξ̄Q̄, ξ̄Q̄] = 0

[Pµ, ξQ] = [Pµ, ξ̄Q̄] = 0 (3.16)

This leads us to the following definition of the group elementof the translation in superspace

G(x, θ, θ̄) = ei(−xµP µ + θQ + θ̄Q̄) (3.17)

From the left multiplication of two group elements we obtain

G(0, ξ, ξ̄)G(xµ, θ, θ̄) = G(xµ + iθσµθ̄ − iξσµθ̄, θ + ξ, θ̄ + ξ̄) , (3.18)
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where the infinitesimal transformation with respect toQ can be written as

i
(

ξQ + ξ̄Q̄
)

= ξα

(

∂

∂θα
− iσ µ

αα̇ θ̄α̇∂µ

)

+ ξ̄α̇

(

∂

∂θ̄α̇
− iθασ µ

αβ̇
ǫβ̇α̇∂µ

)

(3.19)

Thus we have found a representation of the SUSY generators inthe parameter space. Through the right
multiplication of two group elements we can define the differential operatorsD andD̄

Dα =
∂

∂θα
+ iσ µ

αα̇ θ̄α̇∂µ

D̄α̇ = − ∂

∂θ̄α̇
− iθασ µ

αα̇ ∂µ (3.20)

which by their definition satisfy the following anticommutation relations

{Dα, D̄α̇} = − 2iσ µ
αα̇ ∂µ

{Dα, Dβ} = {D̄α̇, D̄β̇} = 0 (3.21)

and anticommute withQ

{Dα, Qβ} = {Dα, Q̄β̇} = {D̄α̇, Qβ} = {D̄α̇, Q̄β̇} = 0 (3.22)

Now we can introduce superfields and superspace. Elements ofthe superspace are labeled bys = (x, θ, θ̄)
and superfields are functions of the superspace which shouldbe understood in terms of their power series
expansion inθ andθ̄

F (x, θ, θ̄) = f(x) + θΦ(x) + θ̄χ̄(x)

+ θθm(x) + θ̄θ̄n(x) + θσµθ̄vµ(x)

+ θθθ̄λ̄(x) + θ̄θ̄θΨ(x) + θ̄θ̄θθd(x) (3.23)

All higher powers ofθ andθ̄ vanish. Linear combinations of superfields are again superfields and similarly
products of superfields are again superfields which is based on the fact thatQ andQ̄ are linear differential
operators. Thus the superfields form a linear representation of the supersymmetry algebra. Since the
representations are highly reducible we have to demand constraints which reduce the superfields. This
conditions lead us to the next two sections where we introduce the chiral and the vector superfield, which
enable us to construct a gauge invariant supersymmetric Lagrangian.

3.1.4 Chiral Superfields

Chiral superfields are defined by the condition

D̄α̇Φ = 0 (3.24)

Since

D̄α̇

(

xµ + iθσµθ̄
)

= 0 and D̄α̇θ = 0, (3.25)

the above constraint is easy to solve in terms of

yµ = xµ + iθσµθ̄ (3.26)

Any function of these variables satisfies (3.24) and can be written as

Φ = A(y) +
√

2θΨ(y) + θθF (y)

= A(x) + iθσµθ̄∂µA(x) − 1

4
θθθ̄θ̄�A(x)
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+
√

2θΨ(x) − i√
2
θθ∂µΨ(x)σµθ̄ + θθF (x) (3.27)

The superfieldΦ† satisfiesDαΦ† = 0 and is a natural function ofy† µ = xµ − iθσµθ̄ and θ̄. Its power
series is obtained by conjugation of (3.27).

The most general supersymmetric renormalizable Lagrangian involving only chiral superfields reads

L = Φ†
iΦj

∣

∣

∣

θθθ̄θ̄
+

[(

1

2
mijΦiΦj +

1

3
gijkΦiΦjΦk + λiΦi

)∣

∣

∣

∣

θθ

+ h.c.

]

(3.28)

The couplingsmij andgijk are symmetric in their indices. In terms of the component fields,L reads

L = i∂µΨ̄iσ̄
µΨi − A∗

�Ai − 1

2
mikΨiΨk − 1

2
m∗

ikΨ̄iΨ̄k

− gijkΨiΨjAk − g∗ijkΨ̄iΨ̄jA
∗
k − V(Ai.A

∗
j ) , (3.29)

where the the auxiliary fieldsFi have been eliminated through their Euler-Lagrange equations. The poten-
tial V has the formV = F ∗

k Fk expressed in fieldsAi andA∗
j .

3.1.5 Vector Superfields

Vector superfields satisfy the condition

V = V † (3.30)

and therefore can be written as

V (x, θ, θ̄) = C(x) + iθχ(x) − iθ̄ξ̄(x)

+
i

2
θθ [M(x) + iN(x)] − i

2
θ̄θ̄ [M(x) − iN(x)]

− θσµθ̄vµ(x) + iθθ̄θ̄

[

λ̄(x) +
i

2
σ̄µ∂µχ(x)

]

− θ̄θ̄θ

[

λ(x) +
i

2
σµ∂µχ̄(x)

]

+
1

2
θθθ̄θ̄

[

D(x) +
1

2
�C(x)

]

(3.31)

The component fieldsC, D, M, N andvµ are all real. Now we regard the hermitian fieldΓ + Γ† whereΓ
andΓ† are chiral fields

Γ + Γ† = A + A∗ +
√

2
(

θΨθ̄Ψ̄
)

+ θθF + θ̄θ̄F ∗

+ iσµθ̄∂µ (A − A∗) +
i√
2
θθθ̄σ̄µ∂µΨ

+
i√
2
θ̄θ̄θσµ∂µΨ̄ − 1

4
θθθ̄θ̄� (A + A∗) (3.32)

and we find that in front of the coefficientθσµθ̄ stands the gradienti∂µ (A − A∗). This leads us to the
following supersymmetric generalization of a gauge transformation

V → V + Γ + Γ† (3.33)

Note that the chiral fieldsΓ andΓ† have dimension0 in contrast to a chiral matter-field which has dimension
1. The component fields transform under this gauge transformation as follows

C → C + A + A∗

χ → χ − i
√

2Ψ
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M + iN → M + iN − 2iF

vµ → vµ − i∂µ (A − A∗)

λ → λ

D → D (3.34)

We find that the choice of the components in (3.31) leavesλ andD gauge invariant. Now we can choose
the so called Wess-Zumino (WZ) gauge in whichC, χ, M andN are all zero. In spite of the gauge fixing
it still remains the usual gauge transformationvµ → vµ + ∂µǫ. In Wess-Zumino gauge the powers of V
looks very simple

V = − θσµθ̄vµ(x) + iθθθ̄λ̄(x) − iθ̄θ̄θλ(x) +
1

2
θθθ̄θ̄D(x)

V 2 = − 1

2
θθθ̄θ̄vµvµ

V 3 = 0 (3.35)

Next we want to construct the supersymmetric field strength.Therefore we define two chiral fields

W ′
α = − 1

4
D̄D̄DαV

W̄α̇ = − 1

4
DDD̄α̇V (3.36)

and we see that they are gauge invariant

Wα = − 1

4
D̄D̄Dα

(

V + Γ + Γ†) = Wα − 1

4
D̄{D̄, Dα}Γ = Wα (3.37)

where we used the fact that̄DΓ = DΓ† = 0. SinceWα andW̄α̇ are chiral fields theθθ andθ̄θ̄ component
respectively ofWαWα andW̄α̇W̄ α̇ transform into a spacetime derivative. Thus the supersymmetric gauge
invariant generalization of the Lagrangian for a free vector field is

L =
1

4

(

WαWα|θθ + W̄α̇W̄ α̇
∣

∣

θ̄θ̄

)

(3.38)

which reduces after some integration by parts to

∫

d4x L =

∫

d4x

(

1

2
D2 − 1

4
vµνvµν − iλσµ∂µλ̄

)

(3.39)

3.1.6 Gauge invariant Interactions

In this part we want to present the fullSU(N) gauge invariant interaction. We only give a brief review of
the extended gauge transformations and the full Lagrangianwithout going into details of constructing non-
abelian gauge theories in supersymmetry. The generalization of gauge transformations on chiral superfields
reads

Φ′ = e−iΓΦ , Φ′ † = Φ†eiΓ†
(3.40)

where the chiral superfieldsΓ are matrices

Γij = T a
ijΓa . (3.41)

T a are the generators of the gauge group and get normalized by

Tr[T aT b] =
1

2
δab . (3.42)
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The Lie algebra reads

[T a, T b] = ifabcT c , (3.43)

wherefabc are the structure constants of the gauge group. The supersymmetric field strengthWα can be
generalized to

Wα = − 1

4
D̄D̄e−V DαeV . (3.44)

The vector superfieldsV are now matrices

Vij = T a
ijVa (3.45)

and the non-abelian extension of the gauge transformationsreads

eV ′
= e−iΓ†

eV eiΓ . (3.46)

Now we are ready to write down the most general Lagrangian forthe supersymmetric renormalizable
interaction of scalar, spinor and vector fields

L =
1

8g2
Tr[WαWα|θθ + W̄α̇W̄ α̇

∣

∣

θ̄θ̄
] + Φ†eV Φ

∣

∣

θθθ̄θ̄

+

[(

1

2
mijΦiΦj +

1

3
gijkΦiΦjΦk

)∣

∣

∣

∣

θθ

+ h.c

]

. (3.47)

3.2 Supersymmetry in 5D

After the brief review of 4D supersymmetry we are now in the position to construct a 5D supersymmetric
model. Therefore we first study supersymmetric theories in aflat extra dimension to show the main ideas
for constructing such theories and afterwards extend that to a warped extra dimension.

3.2.1 Supersymmetry in a flat extra dimension

In a flat extradimensional model the 4D SUSY algebra given in (3.4) can be generalized straightforwardly
to

{Qi, Q̄j} = − 2γM
ij PM , (3.48)

whereQi andQ̄j are now Dirac spinors and the indicesi andj run from1 to 4. Theγ-matrices fulfill the
5D Clifford algebra

{γM , γN} = 2gMN (3.49)

as discussed in Sec. 2.1 and the commutator of two infinitesimal SUSY transformations then reads

[δη, δξ] = − 2
(

η̄γMξ − ξ̄γMη
)

PM . (3.50)

To see the equivalence of 4DN = 2 and 5DN = 1 SUSY we decomposeQi andQ̄j in two two-component
spinorsQ1 andQ2

Q =







Q1

Q̄2






and Q̄ =







Q2

Q̄1






. (3.51)

When we now expand the anticommutator of (3.48) in a 4D and 5D part we get

{Qi, Q̄j} = − 2γM
ij PM = − 2γµ

ijPµ − 2γ5
ijP5 (3.52)
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Using the decomposition of the Dirac SUSY generators in two two-component spinors we can rewrite the
above anticommutator to







{Q1,α, Qα
2 } {Q1,α, Q̄1,α̇}

{Qα
2 , Q̄α̇

2 } {Q̄α̇
2 , Q̄1,α̇}






=







−2iP5 −2σµ
αα̇Pµ

−2σ̄µ,α̇αPµ 2iP5






(3.53)

and we find that the 5D SUSY algebra looks like a 4DN = 2 one with the central chargeiP5. Thus we
can construct the 5D field representations out of the 4DN = 1 one as we have seen in Sec. 3.1.2. Since
we can build the required superfields for our theory out of massless representations the central charge has
no influence on the representations. Therefore the 5D vectorsuperfield can be composed of a 4D vector
superfieldV and a massless chiral superfieldχ, both in the adjoint representation

V a = − θσµθ̄Aa
µ − iθ̄θ̄θλa

1 + θθθ̄λ̄a
1 +

1

2
θθθ̄θ̄Da

χa =
1√
2

(Σa + iAa
5) +

i√
2
θσµθ̄∂µ (Σa + iAa

5) − 1

4
√

2
θθθ̄θ̄� (Σa + iAa

5)

+
√

2θλa
2 − i√

2
θθ∂µλa

2σ
µθ̄ + θθCa (3.54)

The 4D vector superfield is chosen in the Wess-Zumino gauge and a denotes the adjointSU(N) index.
The 5D hypermultiplet consists of one chiral and one antichiral superfieldH andHc

H = h + iθσµθ̄∂µh − 1

4
θθθ̄θ̄�h +

√
2θΨ − i√

2
θθ∂µΨσµθ̄ + θθF

Hc = hc + iθσµθ̄∂µhc − 1

4
θθθ̄θ̄�hc +

√
2θΨc − i√

2
θθ∂µΨcσµθ̄ + θθF c (3.55)

In a non supersymmetric theory the extended gauge transformation of a 5D non abelian gauge theory
would look like

AM → UAMU † − i

g5
(∂MU)U † , (3.56)

whereg5 is the 5D gauge coupling andU = eig5θa(x)T a

. It can be split into a 4D and a 5D part

Aµ → UAµU † − i

g5
(∂µU)U †

A5 → UA5U
† − i

g5
(∂5U)U † (3.57)

The 4D part of gauge transformation is the usual one and therefore is the same as declared in (3.33). This
motivates us to define the gauge transformation of the 5D vector superfield as [3]

V → e−iΓ†
eV eiΓ

χ → eΓ
(

χ −
√

2∂5

)

e−Γ (3.58)

sinceV containsAµ andχ containsA5. The exponentiated 4D vector superfield transforms as eV →
eΓeV eΓ†

. Since the gauge transformation forV keeps unchanged to Sec. 3.1.5 we can adopt the gauge
invariant action forV given in Eq. 3.38. The dynamics forχ have to be implemented in a 5D gauge
invariant way and the full 5D action then reads [3]

Sg =

∫

d5x

∫

d2θ
1

4Cg2
5

Tr[WαWα + W̄α̇W̄ α̇]

20



+

∫

d5x

∫

d4θ
1

Cg2
5

Tr[
(√

2∂5 + χ̄
)

e−V
(

−
√

2∂5 + χ
)

eV + ∂5e−V ∂5eV ] (3.59)

The chiral and antichiral superfieldsH andHc transforms as

H → e−ΓH

Hc → eΓHc (3.60)

and the generalization for the 4D interaction of the chiral superfields to the gauge multiplets from Eq. 3.47
then reads

Sh =

∫

d5x

∫

d4θ
(

H̄e−V H + HceV H̄c
)

+

∫

d5xd2θ Hc

[

m +

(

∂5 −
1√
2
χ

)]

H + h.c., (3.61)

where∂5 − 1√
2
χ is the covariant derivative associated to∂5. Note that in the case of a flat background the

actionSg andSh are invariant under the full 5D SUSY. We will see in the next section that we cannot keep
the the complete 5D SUSY of the action in the case of warped backgrounds.

3.2.2 Supersymmetry in warped extra dimensions

Now we want to examine supersymmetry in warped five dimensional backgrounds. We assume that the
backreaction of the matter and gauge fields on the backgroundcan be neglected. This saves us from the
entire implementation of supergravity. Therefore we only have to take care that the global SUSY trans-
formations are compatible with the isometries of the warpedbackground [1]. In warped extradimensional
models the SUSY algebra is easily extended to

{Qi, Q̄j} = 2γ̂M
ij PM = − 2γ̂µ

ijPµ − 2γ̂5
ijP5 , (3.62)

whereĝMN is now the warped metric and̂γM are theγ-matrices living in warped space time. Since the
warped 5D SUSY algebra can be again related to a 4DN = 2 SUSY algebra, the superfield representations
are the same as in the case of the flat background. We have a 5D vector superfield which is composed of a
4D vector and chiral superfield,V andχ and a 5D hypermultiplet which consists of a chiral and antichiral
superfieldH andHc. To understand where the differences between supersymmetry in flat and warped
backgrounds are, we study the SUSY transformationsδξ andδη. The supersymmetry transformation on
the coordinatesxM reads

xM → xM + ǫM , where − 2
(

η̄γMξ − ξ̄γMη
)

PM ≡ ǫMPM (3.63)

The metricĝMN changes under this coordinate transformation into

ĝMN → ĝMN + ǫL∂LĝMN + ĝLN∂M ǫL + ĝML∂N ǫL (3.64)

Following the paper of Hall, Nomura, Okui and Oliver [4] a global supersymmetry transformation is defined
as the the supersymmetry transformation which leavesĝMN unchanged. ThereforeǫM has to satisfy

ǫL∂LĝMN + ĝLN∂M ǫL + ĝML∂N ǫL = 0 (3.65)

whereǫM is called a Killing vector and (3.65) is called the Killing vector equation. When we express the
Killing vectors through the SUSY parametersξ andη we find that the Killing vector equation is fulfilled if
ξ (andη) satisfy the following condition [1]

ξ(x, y) = e−2Rky/2
(

ξ0
α, 0
)T

. (3.66)

ξ is now called a Killing spinor. Note that the presence of the Killing vector equation reduces the 5D SUSY
to a 4D one.
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The supersymmetric gauge action in a 5D warped spacetime then reads [4] [5]

Sg =

∫

d5x

∫

d2θ
R

4Cg2
5

Tr[WαWα + W̄α̇W̄ α̇]

+

∫

d5x

∫

d4θ
e−2Rky

RCg2
5

Tr[
(√

2∂5 + χ̄
)

e−V
(

−
√

2∂5 + χ
)

eV + ∂5e−V ∂5eV ] (3.67)

and the bulk action of the hypermultiplet coupled to the gauge fields is given by

Sh =

∫

d5x

∫

d4θ Re−2Rky
(

H̄e−V H + HceV H̄c
)

+

∫

d5xd2θ e−3RkyHc

[

∂5 −
1√
2
χ −

(

3

2
− c

)

Rk

]

H + h.c.. (3.68)

The warped character of the fields appear in their redefinitions we have to make. We will see this in Chap.
5.
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Chapter 4

The Model

In this chapter we want to give a brief description of the higgsless model [1] we used in this thesis. The
superfield representations and the appropriate action in anextra dimensional warped background was dis-
cussed in chapters 2 and 3. The task of this chapter is first to introduce the particle content of the model and
second to discuss the main ideas of higgsless symmetry breaking without going into detail. We will illus-
trate the mechanism in some more detail in the next section, where we explicitly show, for the example of
the quarks and the component fields of the 5DSU(3) gauge multiplet, how masses come up. Therefore we
specify the symmetries in the volume of the extra dimension and on the boundaries and how the symmetry
breaking is encoded in the boundary conditions first.

4.1 Model Framework

The warped spacetime in which the model lives is a slice of AdS5. The AdS5 space was made famous by
Lisa Randall and Raman Sundrum [12] and is a solution to Einsteins’s equations in a setup with two branes
and appropriate cosmological terms. The AdS5 space in the proper distance coordinates is defined by the
following metric (see also App. A)

ds2 = e−2Rkygµνdxµdxν − R2dy2 (4.1)

wherey ∈ [0, π], R is the radius of the extra dimension andk is the curvature.k is a scale of order the
Planck scale. The fixed points aty = 0, π will be taken as the boundaries of two branes, extending in the
xµ directions, so that they are the boundaries of the five dimensional spacetime. The volume between the
two branes is called bulk. Since in AdS5 the metric scaling causes a scaling of the parameters of the fields
in particular of the massless graviton field we denote the brane aty = 0 Planck or UV brane and the brane
aty = π IR brane. The entire 5D spacetime setup is illustrated in Fig. 4.1.

The symmetry in the bulk is a left-right symmetric gauge group

G = SU(3)C × SU(2)L × SU(2)R × U(1)X , (4.2)

whereX is the(B − L)/2 quantum number.B denotes the baryon number andL is the lepton number.
ThusX is 1/6 for quarks and−1/2 for leptons. The coupling constants are denoted byg5C

, gL = gR = g5

andg̃5. For each gauge group in the bulk we get a 5D gauge multiplet (3.54). The component fields for all
5D gauge multiplets are listed in Tab. 4.1 and 4.2. We neglectthe auxiliary fields since they are no physical
degrees of freedom. We denote the fifth components of the gauge multiplet as would-be Goldstones, since
in the unitary gauge they will beeatenby the massive gauge bosons. Following [1] each standard model
fermion is implemented by two doublets transforming underSU(2)L andSU(2)R, respectively

ΨL = (Ψu
L, Ψ̄uc

L , Ψd
L, Ψ̄dc

L )T

ΨR = (Ψu
R, Ψ̄uc

R , Ψd
R, Ψ̄dc

R )T (4.3)
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Figure 4.1: Outline of the model framework. The curved line implies the curvature of the five dimensional
background.

Each of the doublets gets a 5D Dirac mass, which is denoted bycL andcR. They are defined as in Sec. 2.2.
The particle content of theSU(2)L andSU(2)R transforming 5D hypermultiplets is shown in Tab. 4.3. As
in the case of the 5D gauge multiplets the auxiliary fields do not contribute any physical degrees of freedom.

At last we have to define the gauge fixing actionSgf

Sgf = −
∫

d5x
R

2ξ

[

∂µAµ,a − ξ
e−2Rky

R
(∂5 − 2Rk)Aa

5

]2

. (4.4)

The choice was made to eliminate the mixing of the fifth component and the 4D part of the vector.

4.2 Breaking Scenario

The symmetry breaking via boundary conditions is implemented so that

G →
{

SU(3)C × SU(2)L × U(1)Y on the UV brane

SU(3)C × SU(2)D × U(1)X on the IR brane
(4.5)

holds on the boundaries. On the UV brane theSU(2)R andU(1)X are broken down to theU(1)Y of
hypercharge. On the IR brane theSU(2)L andSU(2)R are broken to aSU(2)D custodial symmetry
which is generated byT a

D = T a
L + T a

R. The maximal subgroup contained in both breaking scenariosis
SU(3)C × U(1)EM . Thus this is the only remaining symmetry group after the integration over the ex-
tra dimension. The boundary conditions have to be implemented in a way that they respect the breaking
scenario and ensure that the variation of the boundary action vanishes. Furthermore the supersymmetry is
only broken on the UV brane to get a particle spectrum that is compatible with experimental data [1]. The
particle content after the symmetry breaking is shown in Tab. 4.1, 4.2 and 4.3.

We are now ready to write down the supersymmetric boundary conditions. The BCs for the 5D vector
multiplet on the IR brane reads







1 −1

∂y ∂y













V L

V R







∣

∣

∣

∣

∣

∣

∣

y=π

= 0
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SU(2)L × SU(2)R × U(1)X after EWSB name

A1,2
L , A1,2

R W±
(n) KK W -Boson

A3
L, A3

R, B γ(n), Z(n) KK photon, KK Z-Boson

A1,2
5,L, A1,2

5,R A±
5,(n) would-be KK Goldstone

A3
5,L, A3

5,R, B5 A0
5,(n) would-be KK Goldstone

λ1,2
1,L, λ1,2

1,R, λ1,2
2,L, λ1,2

2,R λ±
(n) KK chargino

λ3
1,L, λ3

1,R, λ3
2,L, λ3

2,R, λ1,X , λ2,X λ0
1,(n), λ0

2,(n) KK neutralino

Σ1,2
L , Σ1,2

R Σ±
(n) KK schargino

Σ3
L, Σ3

R, ΣX Σ0
(n) KK sneutralino

Table 4.1: The left column lists the component fields of theSU(2)L, SU(2)R and U(1)X 5D gauge
multiplet. The fermionic fields in the left column are Weyl spinors and the upper index denotes theSU(2)
gauge index. The middle column shows the particle content after the EWSB and integration over the extra
dimension. In the notation chosen hereλ±

(n) is a Dirac spinor andλ0
1,(n) andλ0

2,(n) are Majorana spinors.

SU(3)C after EWSB name

Aa Aa
(n) KK gluon

Aa
5 Aa

5,(n) would-be KK Goldstone

λa
1 , λa

2 λa
(n) KK gluino

Σa Σa
(n) KK sgluino

Table 4.2: The left column lists the component fields of theSU(3)C 5D gauge multiplet. The fermionic
fields in the left column are all Weyl spinors and the upper index denotes theSU(3) gauge index. The
middle column shows the particle content after the EWSB and integration over the extra dimension. In the
notation chosen hereλa

(n) is a Dirac spinor.

SU(3)C × SU(2)L × SU(2)R × U(1)X after EWSB

Ψu
L, Ψ̄uc

L , Ψu
R, Ψ̄uc

R u(n), c(n), t(n), νe,(n), νµ,(n), ντ,(n)

Ψd
L, Ψ̄dc

L , Ψd
R, Ψ̄dc

R d(n), s(n), b(n), e(n), µ(n), τ(n)

hu
L, huc

L , hu
R, huc

R ũi,(n), c̃i,(n), t̃i,(n), ν̃ei,(n)
, ν̃µi,(n)

, ν̃τi,(n)

hd
L, hdc

L , hd
R, hdc

R d̃i,(n), s̃i,(n), b̃i,(n), ẽi,(n), µ̃i,(n), τ̃i,(n)

Table 4.3: The left column lists the component fields of theSU(2)L andSU(2)R transforming 5D hyper-
multiplet. The fermionic fields in the left column are all Weyl spinors. The right column shows the particle
content after EWSB and the integration over the extra dimension. The quarks are represented as Dirac
spinors and the neutrinos as Majorana spinors. The indexi of the sfermions runs from1 to 2.
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∂y −∂y

1 1






e−2Rky







χL

χR







∣

∣

∣

∣

∣

∣

∣

y=π

= 0

∂yV X(π) = 0 , χX(π) = 0

∂yV C(π) = 0 , χC(π) = 0 (4.6)

and on the UV brane they have the form






g5X
∂y g5∂y

−g5 g5X













V R,3

V X







∣

∣

∣

∣

∣

∣

∣

y=0

= 0







g5X
g5

−g5∂y g5X
∂y






e−2Rky







χR,3

χX







∣

∣

∣

∣

∣

∣

∣

y=0

= 0

∂yV
L(0) = 0 , χL(0) = 0

V R,12(0) = 0 , ∂ye−2RkyχR,12 = 0

∂yV C(0) = 0 , χC(0) = 0 (4.7)

The boundary conditions for the quarks on IR and UV brane, respectively are

ΨR − mf ρ2Ψc
R

∣

∣

y=0
= 0

Ψc
L|y=0 = 0

ΨR − µ ΨL|y=π = 0

Ψc
L + µ Ψc

R.|y=π = 0 (4.8)

We will see in the next section how the 5D Dirac massescL andcR and the parametersµ andρ affect the
quark masses. Moreover we will discuss the origin ofµ andρ. Following [1] we remove all scalars from
the UV brane by setting them to zero at the UV brane

ΣL(0) = ΣR(0) = ΣX(0) = ΣC(0) = 0

hi
L(0) = hc,i

R (0) = 0 (4.9)

This pushes theSU(3)C andU(1)X gauge scalars up to a mass of≃ 1.2 TeV.
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Chapter 5

Feynman Rules

In this thesis we want to study the characteristics of the lightest KK-mode of the KK sgluino (sgluino) and
the first KK-mode of the gluon (heavy gluon) and examine whether we can measure these two particles
at the LHC. To make theoretical predictions for LHC observables we need the effective 4D couplings and
vertex structures of the interactions of the sgluino and heavy gluon to the standard model particles. This
includes the self-interactions of the KK-gluon, the coupling of the sgluino to the gluon and the interaction
of the sgluino and KK-gluon to the quarks. To get the couplings we have to solve the equations of motion
for the fifth component of the 5D wave functions. This allows us to integrate out the extra dimension and
to get the effective 4D theory. From the remaining effective4D Lagrangian we can read off the Lorentz
andSU(3) gauge structure of the couplings and determine the Feynman rules.

5.1 Equations of Motion

First we study the 5D part of the gauge action given in (3.67) for the special case ofSU(3)C . Therefore
we replaceg5 by g5C

and setC = 1/2 (Tr[T aT b] = Cδab). To get the correct equations of motion for
the sgluino and the heavy gluon we need the part of the 5D gaugeaction which containsΣa, Aa

µ andAa
5 .

Σa andAa
5 are part ofχa andAa

µ occurs inV a, both defined in (3.54). To get the action in terms of the
component fields we have to calculate eV and e−V , which is easily done since all orders higher thanV 2

vanish

eV = 1 + V +
V 2

2
= 1 − θσµθ̄Aµ − iθ̄θ̄θλ1 + iθθθ̄λ̄1 +

1

2
θθθ̄θ̄D

+
1

2

(

θσµθ̄Aµ

) (

θσν θ̄Aν

)

e−V = 1 − V +
V 2

2
= 1 + θσµθ̄Aµ + iθ̄θ̄θλ1 − iθθθ̄λ̄1 − 1

2
θθθ̄θ̄D

+
1

2

(

θσµθ̄Aµ

) (

θσν θ̄Aν

)

(5.1)

Moreover we plug the superfieldχa in terms of its component fields in the 5D gauge action. After the full
expansion and the integration over the superspace coordinatesθ andθ̄ we obtain

Sg,5D
[

Aa
µ, Aa

5 , Σ
a
]

=

∫

d5x
e−2Rky

Rg2
5C

[

−1

2
∂µΣa∂µΣa − 1

2
∂µAa

5∂
µAa

5

+
1

2
∂5A

a
µ∂5A

a,µ −
(

∂5A
a
µ

)

(∂µAa
5) − (∂5D

a)Σa

− 1

8
fadef bceΣaΣbAc

µAd,µ − 1

8
fadef bceAa

5A
b
5A

c
µAd,µ

− 1

2
fabcAa

5Σ
bDc − 1

2
fabc

(

∂5A
a
µ

)

Ab,µAc
5 +

1

2
fabcΣa

(

∂µΣb
)

Ac,µ

]

.

(5.2)
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For the expansion we make use of the identities given in the Appendix of [11] and we employ theSU(3)
algebra ([T a, T b] = ifabcT c and Tr[T aT b] = Cδab). Note that we neglect all components of the 5D gauge
action which do not containAa

µ, Aa
5 or Σa and that we only study theθθθ̄θ̄ part. As we can see the auxiliary

fieldsDa appear in the action. To get rid of them we have to use the equations of motion ofDa. Therefore
we must examine the 4D part of the gauge action

Sg,4D =

∫

d5x

∫

d2θ
R

4Cg2
5C

Tr[WαWα] + h.c (5.3)

and thus we have to derive the explicit form of the supersymmetric field strengthWα defined in (3.36)

Wα = − iλ1,α +

[

δ β
α D − i

2
(σµσ̄ν)

β
α (∂µAν − ∂νAµ)

]

θβ + θθσ µ
αα̇ ∂µλ̄α̇

1

W̄α̇ = iλ̄α̇ +

[

ǫα̇β̇D +
i

2
ǫα̇γ̇ (σ̄σ)

γ̇

β̇
(∂µAν − ∂νAµ)

]

θ̄β̇ − ǫα̇β̇ θ̄θ̄σ̄µ,β̇α∂µλα. (5.4)

The supersymmetric field strength is taken from [11]. After the integration overd2θ and some integration
by parts the 4D part of the gauge action reads

Sg,4D =

∫

d5x
R

g2
5C

[

1

2
DaDa − 1

4
F a

µνF a,µν − iλa
1σ

µ∂µλ̄a
1

]

, (5.5)

which can be easily calculated by using (5.4) and the identities of the spinor algebra discussed in the
Appendix of [11]. Now we can assemble the equations of motionfor Da and the auxiliary field may then
be written as

Da = − e−2Rky

R2
(∂5Σ

a − 2RkΣa) (5.6)

Plugging (5.6) in the expanded gauge actionSg,4D+ Sg,5D
[

Aa
µ, Aa

5 , Σa
]

we obtain the following equations
of motion forΣa

e−2Rky

R2

(

∂5∂5Σ
a − 4Rk∂5Σ

a + 4R2k2Σa
)

− ∂µ∂µΣa = 0. (5.7)

Using the Kaluza-Klein AnsatzΣa =
∑

fa
Σ,(n)(y)Σa

(n)(x) and the 4D equation of motion

�Σa + m2Σa = 0 we can write down the differential equation forfa
Σ,(n)

e−2Rky

R2

(

fa′′
Σ,(n) − 4Rkfa′

Σ,(n) + 4R2k2fa
Σ,(n)

)

+ m2
nfa

Σ,(n) = 0 (5.8)

whose solution are linear combinations of Bessel functions

fa
Σ,(n) = e2Rky

(

Aa
(n)J0

(

mneRky

k

)

+ Ba
(n)Y0

(

mneRky

k

))

(5.9)

Next we want to derive the equations of motion for the gluonAa
µ(x, y). To get the correct equations of

motion we have to consider the gauge fixing given in (4.4) and obtain after the variation

�Aa
µ −

(

1 − 1

ξ

)

∂µ∂νAa,ν − e−2Rky

R2
(∂5 − 2Rk)∂5A

a
µ = 0 (5.10)

We make again the Kaluza-Klein decomposition for the 5D gluon fieldAa
µ(x, y) =

∑

fa
g,(n)(y)Aa

µ,(n)(x).
SinceAa

µ,(n) satisfies the 4D equation of motion

�Aa
µ.(n) −

(

1 − 1

ξ

)

∂µ∂νAa,ν
(n) = − m2

nAµ,(n) (5.11)
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we can write down the differential equation forfa
g,(n)(y)

e−2Rky

R2

(

fa′′
g,(n) − 2Rkfa′

g,(n)

)

+ m2
nfa

g,(n) = 0. (5.12)

The solutions are again combinations of Bessel functions

fa
g,(n)(y) = e−Rky

(

Aa
(n)J1

(

mneRky

k

)

+ Ba
(n)Y1

(

mneRky

k

))

(5.13)

Since the equation of motion for the fermions is the same as inSec. 2.2 we adopt the result derived in
(2.59). There remains nothing else to do than to rewrite the solutions in proper distance coordinates

fΨ,(n)(y) =

(

eRky

k

)5/2(

CnJ1/2+c(mn
eRky

k
) + DnY1/2+c(mn

eRky

k
)

)

fΨ̄c,(n)(y) =

(

eRky

k

)5/2(

AnJ1/2−c(mn
eRky

k
) + BnY1/2−c(mn

eRky

k
)

)

(5.14)

A more interesting issue are the couplings of the fermions tothe sgluino. To get them we study the 5D part
of the hypermultiplet action (3.68)

Sh,5D =

∫

d5x

∫

d2θ e−3Rky Hc

[

∂5 − 1√
2
χ −

(

3

2
− c

)

Rk

]

H + h.c. (5.15)

Since we are interested in the interaction part of the 5D hypermultiplet action, it is sufficient to expand the
termHcχH andH̄χ̄H̄c. After the expansion and the integration over the superspace coordinatesθ andθ̄
we obtain

Sh,5D|int = −
∫

d5x
e−3Rky

√
2

[

CahcT ah + Ca†h†T ahc†

+
1√
2
(Σa + iAa

5)h
cT aF +

1√
2
(Σa − iAa

5)F
†T ahc†

+
1√
2
(Σa + iAa

5)F
cT ah +

1√
2
(Σa − iAa

5)h
†T aF c†

− 1√
2
(Σa + iAa

5)Ψ
cT aΨ − 1√

2
(Σa − iAa

5)Ψ̄T aΨ̄c

− λa
2ΨcT ah − λ̄a

2h†T aΨ̄c − λa
2hcT aΨ − λ̄a

2Ψ̄T ahc†
]

(5.16)

Finally, we want to determine the coupling term of the gluon to the fermions. To achieve this we have to
expand the 4D part of the hypermultiplet action (3.68). After the integration overd4θ we get the following
interaction term for the gluon and the fermions

Sh,4D|int = −
∫

d5x Re−2Rky 1

2

[

Aa
µΨ̄σ̄µT aΨ + ΨcT aσµΨ̄cAa

µ

]

(5.17)

5.2 Masses

In this section we want to show how to get the standard model fermion masses out of the 5D parameters
first and then how the masses of the KK sgluinosΣa

(n) and the KK gluonsAa
µ,(n) can be calculated. To

understand how the fermion masses come out of the boundary conditions of the hypermultipletsH andHc

(see Sec. 4.2) we need a better understanding of where the boundary conditions come from. The fermion
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Figure 5.1: fΨL
(y), fΨR

(y), fΨc
L
(y) andfΨc

R
(y) for different values ofµ. (ρ = 3.8 ×

√

1/k, cL =
−60/100 , cR = 60/100)

boundary conditions on the IR brane (4.8) have their origin in a brane localized mass term, which mixes
SU(2)L andSU(2)R fermions [2]

SIR =

∫

d4x e−3Rkyµ
(

ΨRΨc
L + Ψ̄c

LΨ̄R + ΨLΨc
R + Ψ̄c

RΨ̄L

)∣

∣

y=π
(5.18)

The additional brane term and thus the mass correction is proportional toµ and the values of the fermion
wave functions on the IR brane. Theµ dependence of the 5D fermion wave functionsfΨL(y), fΨR(y),
fΨcL(y) andfΨcR(y) is shown in Fig. 5.1.

The fermion boundary condition on the Planck brane comes from the mixing term [2]

SPlanck =

∫

d4x
(

−iξ̄σ̄µ∂µξ − iησµ∂µη̄ + f
(

ηξ + ξ̄η̄
)

+ M
√

k−1
(

Ψc
Rξ + ξ̄Ψ̄c

r

)

)∣

∣

∣

y=0
,

(5.19)

whereξ andη are brane localized fermions, which together form a Dirac spinor with a Dirac massf on
the brane.ρ is in this context defined asρ = M2/f2k. We see in the next section that the paramaterρ
appears in the normalization of the fermion wave functions and because of that the masses decrease with
growingρ. This dependence can also be seen in Fig. 5.2, since the fermion wave functions become flatter
with growingρ and thus the 5D overlap integral in front of the bulk mass termin (2.36) becomes smaller.

Finally we examine how the 5D fermionic wave functions depend on the bulk parameterscL andcR. We
choosecL andcR antisymmetric, because we will later use such parameter sets to get the physical fermion
masses. As we can see in Fig. 5.3 the 5D fermionic wave functions become more localized to the IR brane
for lower absolute values ofcL andcR. The larger values of the 5D fermionic wave functions on the IR
brane lead to a higher contribution of theµ boundary term (5.18) and thus to higher masses of the fermions.
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R 1.19 × 10−18 GeV−1

k 1019 GeV

Table 5.1: Warped 5D model parameters.

µ/
(

eRkπ/k
)

ρ/
√

1/k cR cL m/GeV

u 54.59 3.87 −60/100 60/100 0.00309

d 54.59 0 −60/100 60/100 0.00618

c 113.39 0 −52/100 52/100 1.31017

s 113.39 51.92 −52/100 52/100 0.11077

t 785.85 0 −1/3 40/100 171.106

b 785.85 41750 −1/3 40/100 3.87311

Table 5.2: Warped 5D model parameters for the fermions.

Now we are ready to determine the fermion masses. For this we have to calculate the radiusR of the
extra dimension. Since we want to have a realistic model we must satisfy the experimental constraints. The
mass of theW -Boson is measured at80.4 GeV. Therewith and with a curvaturek = 1019 GeV we can
calculateR from the following condition

m2
W =

ke−2Rkπ

(1 − κ)Rπ
(5.20)

The factor(1 − κ) in the denominator comes from a brane term [1] that we have to introduce to get a
sufficiently large tree level mass of the lightest charginoλ±, which escapes the current detection bounds.
The tree level chargino mass is approximately given by [1]

mλ± ≃
√

1 + κ mW . (5.21)

To get a chargino mass which is not excluded by existing experiments, we setκ = 0.4. The calculated
value forR is listed in Tab. 5.1.

The rest of the parameters and the resulting masses of the quarks are given in Tab. 5.2.

At last we have to determine the masses of the heavy gluon and the sgluino. Therefore we use the
boundary conditions given in (4.6) and (4.7) and get the masses shown in in Tab. 5.3. It is interesting, that
both particles have the same mass. This is based on the fact that the heavy gluon and the sgluino have
the same boundary conditions. But we would expect the massesto change when we calculate the mass
corrections. At tree level the masses stay equal for higher KK-modes of the gluons and the scalars, as
illustrated in Fig. 5.4. The intersections of the plotted function with thex-axes indicate the masses of the
particles since the boundary conditions are satisfied at these points.

mg(1) 1420.85 GeV

mΣ(0) 1420.85 GeV

Table 5.3: Mass of the heavy gluon and the sgluino.
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5.3 Couplings

In this section we calculate the couplings required for the tree level cross sections we want to study in this
thesis. To obtain the correct normalizations, Dirac structure and coupling constants we have to do some
redefinitions

Ψ → e−
1
2RkyΨ

Aµ → g5C
Aµ

A5 → g5C
RA5

λ1 → g5C
e−

3
2Rkyλ1

λ2 → − ig5C
Re−

1
2Rkyλ2

Σ → g5C
RΣ

σα = V α
µσµ

gαβ = V α
µV β

ν ĝµν

√
g = Re−4Rky (5.22)

After the redefinitions we have to derive the normalization of the wave functions and the couplings to get
the correct 4D effective action. To obtain the standard 4D action for scalars and gluons

S4D,scalar =

∫

d4x

(

−1

2
∂αΣa∂αΣa

)

S4D,gluon =

∫

d4x

(

−1

4
F a,αβF a

αβ

)

(5.23)

we require the following normalizations
∫

dy Re−2RkyfΣ,(n)fΣ,m = δnm

∫

dy Rfg,(n)fg,(m) = δnm. (5.24)

The 5D wave functions are by construction orthonormal and thus we can neglect mixing terms between
different KK-modes. The normalization of the fermions is a bit more complicated but the derivation goes
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through as before. The normalization of the fermion reads
∫

dy Re−3Rky
(

fΨL,(n)f
∗
ΨL,(m) + fΨR,(n)f

∗
ΨR,(m)

)

+ ρ2fΨR,(n)fΨR,(m)

∣

∣

y=0
= δnm

(5.25)

Last we have to derive how the 5D gauge couplingg5C
is related to the 4D gauge couplingg4C

. The
relation

g5C
= 2

√
Rπg4C

(5.26)

stems from the fact that we want to have a the standard vertex structure in 4D. Now we are ready to calculate
the couplings. We start with the coupling of the fermions to the sgluino. The interaction term reads (see
Eq. (5.16))

∫

d5x

[

−Rg5C

e−4Rky

2

(

ΣaΨc
LT aΨL + ΣaΨ̄LT aΨ̄c

L + ΣaΨc
RT aΨR + ΣaΨ̄RT aΨ̄c

R

)

]

(5.27)

Note that we have performed the redefinitions declared in (5.22). Plugging the KK decomposition in the
above expression we obtain

∑

l

∑

n

∑

m

[∫

d4x Σa
(l)Ψ

c
L,(n)T

aΨL,(m)

∫

dy
g5C

2
Re−4RkyfΣ,(l)fΨc

L
,(n)fΨL,(m)

+

∫

d4x Σa
(l)Ψ̄L,(n)T

aΨ̄c
L,(m)

∫

dy
g5C

2
Re−4RkyfΣ,(l)fΨ̄L,(n)fΨ̄c

L
,(m)

+

∫

d4x Σa
(l)Ψ

c
R,(n)T

aΨR,(m)

∫

dy
g5C

2
e−4RkyfΣ,(l)fΨc

R,(n)fΨR,(m)

+

∫

d4x Σa
(l)Ψ̄R,(n)T

aΨ̄c
R,(m)

∫

dy
g5C

2
Re−4RkyfΣ,(l)fΨ̄R,(n)fΨ̄c

R
,(m)

]

(5.28)

Since the 5D wave functionsfΨ, fΨ̄, fΨc andfΨ̄c are real we can assume that

fΨ = fΨ̄ and fΨc = fΨ̄c . (5.29)

As a consequence of the boundary condition on the IR brane we can use that

ΨL,(n) = ΨR,(n) Ψc
L,(n) = Ψc

R,(n) Ψ̄L,(n) = Ψ̄R,(n) Ψ̄c
L,(n) = Ψ̄c

R,(n) , (5.30)

if the µ parameter is not equal to zero, as in our case. Using (5.29) and (5.30) we can rewrite (5.28) as
follows

∑

l,n,m

[

−
∫

d4x
(

Σa
(l)Ψ

c
(n)T

aΨ(m) + Σa
(l)Ψ̄

c
(n)T

aΨ̄(m)

)

×
∫

dy
g5C

2
Re−4Rky

(

fΣ,(l)fΨc
L

,(n)fΨL,(m) + fΣ,(l)fΨc
R

,(n)fΨR,(m)

)]

(5.31)

and thus get for the effective 4D coupling

gΣff̄,(nlm) =

∫

dy
g5C

2
Re−4Rky

(

fΣ,(l)fΨc
L,(n)fΨL,(m) + fΣ,(l)fΨc

R,(n)fΨR,(m)

)

(5.32)

The numerical results for the couplings of the quarks to the sgluino are shown in Tab. 5.4. For the cal-
culation we used the parameters given in Tab. 5.1 and 5.2 and an effective 4D strong coupling constant
equal tog4C

= 1.216. The couplings of thed- and c-quark are zero, because in that case the sum of
fΣ,(l)fΨc

L,(n)fΨL,(m) andfΣ,(l)fΨc
R,(n)fΨR,(m) is zero up to numerical fluctuations.
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gΣuū,(000) 1.79 × 10−9

gΣdd̄,(000) 0

gΣss̄,(000) 7.93 × 10−6

gΣcc̄,(000) 0

gΣbb̄,(000) 0.0068

gΣtt̄,(000) −0.152

Table 5.4: Couplings of the quarks to the sgluino.

gguLūL,(100) −0.227 gguRūR,(100) −0.057

ggdLd̄L,(100) −0.227 ggdRd̄R,(100) −0.227

ggcLc̄L,(100) −0.125 ggcRc̄R,(100) −0.00081

ggsLs̄L,(100) −0.125 ggsRs̄R,(100) −0.00089

ggbLb̄L,(100) 2.253 ggbRb̄R,(100) 0.0014

ggtL t̄L,(100) 1.666 ggtR t̄R,(100) 2.931

Table 5.5: Couplings of the quarks to the heavy gluon.

To get the coupling of the fermions to the gluons we have to do the same procedure as in the case of the
sgluino, where we now use the action given in (5.17). After the redefinition and the insertion of the KK
decomposition we obtain

∑

l,n,m

[

−
∫

d4x Aa
µ,(n)Ψ̄(n)σ̄

µT aΨ(m)

∫

dy
g5C

2
Re−3Rky

(

fg,(l)fΨL,(n)fΨL,(m) + fg,(l)fΨR,(n)fΨR,(m)

)

−
∫

d4xAa
µ,(n)Ψ

c
(n)σ

µT aΨ̄c
(m)

∫

dy
g5C

2
Re−3Rky

(

fg,(l)fΨc
L

,(n)fΨc
L

,(m) + fg,(l)fΨc
R

,(n)fΨc
R

,(m)

)

]

,

(5.33)

where again we used (5.29) and (5.30) and get for the 4D couplings

ggΨΨ̄,(lnm) =

∫

dy
g5C

2
Re−3Rky

(

fg,(l)fΨL,(n)fΨL,(m) + fg,(l)fΨR,(n)fΨR,(m)

)

ggΨcΨ̄c,(lnm) =

∫

dy
g5C

2
Re−3Rky

(

fg,(l)fΨc
L

,(n)fΨc
L

,(m) + fg,(l)fΨc
R

,(n)fΨc
R

,(m)

)

(5.34)

The numerical values of the couplings of the quarks to the heavy gluon are listed in Tab. 5.5. We used
the parameters from Tab. 5.1 and 5.2 again and an effective 4Dstrong coupling constantg4C

= 1.216.
The coupling constant of the quarks to the massless gluon isg4C

. The couplings of the quarks to the heavy
gluon increase with respect to larger quark masses and change sign in the case of the bottom and top quarks.
This stems from the fact that the quark-quark-heavy gluon coupling grows for a decreasing absolute value
of cL andcR and changes sign atcL, cR = 1/2.

Since it is always the same mechanism to get the 4D effective couplings we only state the results.
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Investigating (5.2), we get the interaction terms between the gluons and thesgluinos

∑

l,n,m

∫

d4x fabcΣa
(l)

(

∂µΣb
(n)

)

Ac,µ
(m)

∫

dy R
g5c

2
e−2RkyfΣ,(l)fΣ,(n)fg,(m)

− 1

2

∑

l,n,m,r

∫

d4x fadef bceΣa
(l)Σ

b
(n)A

c
µ,(m)A

d,µ
(r)

∫

dy R
g2
5C

4
e−2RkyfΣ,(l)fΣ,(n)fg,(m)fg,(r) (5.35)

and the 4D effective couplings then read

ggΣΣ,(lnm) =

∫

dy R
g5C

2
e−2RkyfΣ,(l)fΣ,(n)fg,(m)

g2
ggΣΣ,(lnmr) =

∫

dy R
g2
5C

4
e−2RkyfΣ,(l)fΣ,(n)fg,(m)fg,(r) (5.36)

Expanding the term1
4F a

µνF a,µν of (5.5) we get the 4D couplings of the three and four gluon vertex

gggg,(lnm) =

∫

dy R
g5C

2
fg,(l)fg,(n)fg,(m)

g2
gggg,(lnmr) =

∫

dy R
g2
5C

4
fg,(l)fg,(n)fg,(m)fg,(r). (5.37)

The Lorentz andSU(3) structure of the remaining 4D part of the three and four gluonvertex looks like
the structure in standardSU(N) gauge theories. The only difference are the KK indices of the4D wave
function. The numerical results of the KK gluon self-interactions and the coupling of the KK gluon to the
sgluino are shown in Tab. 5.6 and 5.7.gggg,(001) andggggg,(0001) are equal to zero because of orthogonality.
This is obvious since the 5D wave function of the massless gluon is a constant.

Now we are ready to construct the Feynman rules for our theory. To get the Feynman rules out of the
Lagrangian we have to do the following steps [13]

• Multiplication of every vertex by ani

• Replacing every partial derivative∂µ by−ipµ

• Symmetrization of identical fields

Since the fields have an additional KK index the symmetrization is reduced to the one without the KK
decomposition. But the summation over the KK index cancels the effect of that lack of symmetrization and
we end up with the vertices we know from standardSU(N) gauge theories [14]. The results are presented
in Fig. 5.5.
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gggg,(000) g4C

gggg,(001) 0

gggg,(011) g4C

gggg,(111) 7.901

g2
gggg,(0000) g2

4C

g2
gggg,(0001) 0

g2
gggg,(0011) g2

4C

g2
gggg,(0111) 9.604

g2
gggg,(1111) 69.833

Table 5.6: Couplings of the gluons (g4C
= 1.216).

ggΣΣ,(000) g4C

ggΣΣ,(100) 3.950

g2
ggΣΣ,(0000) g2

4C

g2
ggΣΣ,(0100) 4.802

g2
ggΣΣ,(1100) 23.278

Table 5.7: Couplings of the gluons to the sgluinos (g4C
= 1.216).

37



µ1

= iggff̄,(lnm) γµ1T a

p2

p3

p1

b, µ3
c, µ2

a, µ1

= gggg,(lnm)f
abc [gµ1µ2(p1 − p2)

µ3 + gµ2µ3(p2 − p3)
µ1 + gµ1µ3(q − k)ν ]

c, µ4

a, µ1

d, µ3

b, µ2

=

−ig2
gggg,(lnmr)

[

fabef cde(gµ1µ4gµ2µ3 − gµ1µ3gµ2µ4)

+facef bde(gµ1µ2gµ3µ4 − gµ1µ3gµ2µ4)

+fadef bce(gµ1µ2gµ3µ4 − gµ1µ4gµ2µ3)
]

a

= igΣff̄ ,(lnm)T
a

p2

p3

p1

c b

a, µ1

= ggΣΣ,(lnm)f
abc (pµ1

3 − pµ1

2 )

d

a

c, µ2

b, µ1

= − ig2
ggΣΣ,(lnmr)g

µ1µ2
(

fabef cde + f bdeface
)

Figure 5.5: Vertices of the couplings among fermions, gluons and the sgluinos.
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Chapter 6

Partonic cross section

As we want to make predictions for detecting non-standard model particles, we must think about cross sec-
tions, which deliver signals that can be clearly assigned tocharacteristic particles predicted by our model.
The first idea is to generate the particles we want to measure on-shell in a2 → 2 cross section and in a
second step to let them decay into standard model particles we can detect at the LHC. We hope to see a
characteristic peak in the invariant mass spectrum of the decaying particles at the production threshold and
characteristic angular distributions of the decay products. In this thesis we want to study cross sections
where the first Kaluza-Klein excitation of the gluon and the sgluino contribute. By means of observables,
which depend on the character of the sgluino and heavy gluon,we may distinguish our model from the
standard model including a Higgs boson and in particular from other extensions of the standard model, like
for example SUSY in 4D.

Since at LHC energies the colliding protons have a high gluondensity, we study cross sections with two
gluons in the initial state. Furthermore the massive particles produced in the intermediate should decay into
two quark-antiquark pairs. Therefore we have to calculate2 → 4 cross sections. For the calculation we
first use the narrow width approximation and second, we perform a Monte Carlo simulation of the complete
tree level2 → 4 process. For all calculations we use the unitary gauge for the massive gauge bosons. Thus
we can neglect all contributions of the fifth component of theKK gluon.

6.1 Calculation with the Narrow Width Approximation

6.1.1 Basics of Narrow Width Approximation

In this section we want to calculate the2 → 4 cross section using the narrow width approximation (NWA).
Therefore we have to calculate the2 → 2 scattering of two gluons into heavy gluon and sgluino pairs and
afterwards multiply the cross section with the decay probability of the produced particles. The2 → 2
amplitudes we want to study are shown in Fig. 6.1 and 6.2. Whencomparing the NWA with the full2 → 4
tree level calculation we have to account for symmetry factors of the phase space. Thus we want to discuss
briefly how both approaches are connected. The2 → 4 cross section can be written as

dσ(gg → qiq̄iqj q̄j) =
1

n4
|M(gg → qiq̄iqj q̄j)|2 dΦ(4)

≈ 1

n4

(

|M(gg → P1P2)|2 dΦ(2)
)

BR(P1 → qiq̄i) BR(P2 → qj q̄j)

=
n2

n4

(

1

n2
|M(gg → P1P2)|2 dΦ(2)

)

BR(P1 → qiq̄i) BR(P2 → qj q̄j)

=
n2

n4
dσ(gg → P1P2) BR(P1 → qiq̄i) BR(P2 → qj q̄j) (6.1)
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wheredΦ(2) anddΦ(4) are the phase space measures for a2 → 2 and2 → 4 process, respectively. The
relation (6.1) holds exactly in the case of vanishing interference terms.P1 andP2 denote the intermediate
state particles which decay into quarksqi andqj . i andj run from 1 to 3 and indicate the generation.
BR(P1 → qiq̄i) and BR(P2 → qj q̄j) are the branching ratios of particleP1 andP2. The branching ratio is
the decay probability and can be calculated from the decay ratesΓ

BR(Pk → qiq̄i) =
Γ(Pk → qiq̄i)
∑

s,t
Γ(Pk → fsft)

, (6.2)

wherefs andft are all the possible decay products ofPk. The sum over all possible decay rates is defined
as the width of the particle.n2 andn4 are symmetry factors of the phase spacedΦ(2) anddΦ(4). They
will be important in the case of identical particles in the final states, since the phase space then has to be
reduced by1/n!, wheren is the number of the identical particles. For instancen4 = 2!2! = 4 for two
identical quark anti-quark pairs in the final state andn4 = 1 for two different ones.n2 equals2! in the case
of two identical particles in the intermediate state, otherwisen2 = 1.

To make use of the NWA the width of the particle has to be significantly smaller than its mass. We will
see later that this requirement is satisfied.

We will assume that the decay of the particles is isotropic intheir rest frame. To make the approximation
that the angular distribution of the2 → 2 cross section remains the same after the decay, we have to ensure
that the on-shell produced particles are sufficiently boosted. To become clear about this issue we make a
short estimate. Since the decaying particles are of equal mass the absolute value of the three momentum is
given by

‖ ~p ‖ = p =

√

S

4
− m2, (6.3)

where
√

S is the the center of mass energy. When we assume that
√

S = 4000 GeV and the mass of
the outgoing particle is equal tom = 1420.85 GeV, which is the mass of the predicted heavy gluon and
sgluino, we get

p ≈ m . (6.4)

Now we have to calculate the Lorentz factorβ = v/c, which is needed to boost a particle from the rest
frame to momentump. For simplicity we choose the boost in z-direction. After the boost,p can be
expressed as follows

p = βγm, (6.5)

whereγ = 1/
√

1 − β2. After solving (6.5) forβ we obtainβ ≈ 0.7. In chapter 6.3 we will discuss
whether the value ofβ is sufficiently large to legitimate the assumption that the decay products move in the
same direction as the outgoing particle of the2 → 2 process.

To calculate the2 → 2 cross sections and decay rates we use FeynArts and FormCalc.Therefore we
implemented the model into FeynArts, which is discussed in App. C.

6.1.2 Calculation with FeynArts and FormCalc

In this section we want to calculate the2 → 2 cross sections shown in Fig. 6.1 and 6.2 and the following
decays in terms of the NWA by FeynArts and FormCalc. To get there, we need the phase space of two-body
final states.
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Figure 6.1: Amplitude for the process gg→ ΣΣ.
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Figure 6.2: Amplitude for the process gg→ g1 g1.
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Since the phase space is Lorentz invariant we choose the restframe for the decay and the center of mass
system for the2 → 2 cross section. The differential cross section of the decay of a massive particle with
massM in two particles with equal massm reads [13]

dσ =
1

32π2M
|M|2

√

1 − 4m2

M2
dΩ, (6.6)

whereM is the scattering amplitude anddΩ = dφdCos(θ). The differential cross section of a2 → 2
scattering process is given by [13]

dσ =
1

64π2S
|M|2

√

1 − 4m2

S
dΩ, (6.7)

wherem is the mass of the outgoing particles. Note that we have used the Mandelstam variablesS, T and
U defined by

S = (p1 + p2)
2

T = (p1 − p3)
2

U = (p1 − p4)
2

. (6.8)

p1 andp2 are the momenta of the incoming particles andp3 andp4 are the momenta of the outgoing
ones. We use FormCalc to calculate the square of the absolutevalue of the scattering amplitudeM. Since
FormCalc provides results depending on the Mandelstam variables, we want to rewrite the Mandelstam
variablesT andU with respect toS to get a more compact expression. Therefore we need the momenta
p1, p2, p3 andp4 in terms ofS and the scattering angleθ. In the center of mass frame the momenta of two
massless particles in the initial state and two massive particles with massm in the final state read

p1 =
(√

S/2, 0, 0,
√

S/2
)

p2 =
(√

S/2, 0, 0,−
√

S/2
)

p3 =
(√

S/2, 0, Sin(θ)
√

S/4 − m2, Cos(θ)
√

S/4 − m2
)

p4 =
(√

S/2, 0,−Sin(θ)
√

S/4 − m2,−Cos(θ)
√

S/4 − m2
)

, (6.9)

where for simplicity we have chosen the momenta of the incoming particles inz-direction.T is derived by

T = (p1 − p3)
2 andU can be easily calculated by using the identityS + T + U =

4
∑

i=1

m2
i . T andU then

read

T = − S

2

(

1 − 2m2

S
−
√

1 − 4m2

S
Cos(θ)

)

U = − S − T + 2m2 (6.10)

The transition probability|M|2 for the2 → 2 cross section in the center of mass frame with two heavy
gluons in the final state then reads

∣

∣Mgg→g(1)g(1)

∣

∣

2
=

9g2
4C

16 S
(

S + (4 m2
g(1) − S)Cos(θ)2

)2

(

3 S + (−4m2
g(1) + S)Cos(θ)2

)

×
(

48 m4
g(1)

(

2 − 2Cos(θ)2 + Cos(θ)4
)

− 8 m2
g(1)S

(

3 + 2Cos(θ)2 + 3Cos(θ)4
)

+ S2
(

19 − 10Cos(θ)2 + 3Cos(θ)4
))

(6.11)

Note that we summed over the polarizations and the adjointSU(3) index in the final state and averaged
the initial state with respect to the polarizations and the adjoint SU(3) index. Plugging (6.11) in (6.7)
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state depending on Cos(θ) for different values of
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we get the differential cross section. SinceM is independent on the azimuthal angleϕ we perform the
integration overϕ which gives us a factor2π and the solid angle reduces todCos(θ). The dimension of
dσ is 1/GeV2. To rewritedσ in units of nb where1 nb = 10−28m2 we have to multiplydσ by a factor
1037

~
2c2 ≈ 0.389 × 106 nb GeV2. The dependence of the differential cross sectiondσ on Cos(θ) and√

S is plotted in Fig. 6.3 and 6.4. We see that the cross section istree level unitary, becausedσ decreases
for sufficiently high energies as1/S. Moreover, at higher energies the forward and backward scattering is
enhanced. This stems from the fact that we can assume the outgoing particles to be massless in the limit
of very high energies. In this limit the differential cross section will diverge for forward and backward
scattering since the intermediate state particle of theT andU channel of the scattering amplitude become
on-shell. This effect can also be seen in Fig. 6.5, where theS channel, theT + U channel and the contact
vertex are plotted over Cos(θ) for different energies. All contributions increases for ninety degree scat-
tering with respect to higher energies. Thus the decrease ofthe full cross section forπ/2 scattering is an
effect of destructive interference.

Calculating the transition probability of the2 → 2 scattering amplitude with two sgluinos in the final

43



 0

 0.0005

 0.001

 0.0015

 0.002

 0.0025

-1 -0.5  0  0.5  1

d
σ g

g
->

g
(1

)g
(1

)/
n
b

Cos[θ]

S-channel

Sqrt[S] = 3000 GeV
Sqrt[S] = 4000 GeV
Sqrt[S] = 6000 GeV

 0

 0.02

 0.04

 0.06

 0.08

 0.1

 0.12

 0.14

 0.16

-1 -0.5  0  0.5  1

d
σ g

g
->

g
(1

)g
(1

)/
n
b

Cos[θ]

T+U-channel

Sqrt[S] = 3000 GeV
Sqrt[S] = 4000 GeV
Sqrt[S] = 6000 GeV

 0

 0.002

 0.004

 0.006

 0.008

 0.01

 0.012

-1 -0.5  0  0.5  1

d
σ g

g
->

g
(1

)g
(1

)/
n
b

Cos[θ]

Contact graph

Sqrt[S] = 3000 GeV
Sqrt[S] = 4000 GeV
Sqrt[S] = 6000 GeV

Figure 6.5:S channel,T +U channel and contact graph for the cross section of two massless gluons in the
initial state and two heavy gluons in the final state.

state we obtain

|Mgg→ΣΣ|2 = − 9g2
4C

16 S (S + (4 m2
Σ − S)Cos(θ)2)2

(

3 S + (−4m2
Σ + S) Cos(θ)2

)

×
(

32 m4
Σ − 8 m2

ΣS + S2 + (−4 m2
Σ + S)2

(

−2Cos(θ)2 + Cos(θ)4
))

. (6.12)

Again we summed over the polarizations and the adjointSU(3) index in the final state and averaged the
initial state with respect to the polarizations and the adjoint SU(3) index. The dependence of Cos(θ) and√

S is shown in Fig. 6.6 and 6.7. As in the case above we rewrite thedifferential cross section in units of nb
and integrated out the trivialϕ dependence of the phase space. The cross section is again tree level unitary
(see Fig. 6.7). Up to higher energies we may ascertain a difference in the Cos(θ) dependence to the case
of two heavy gluons in the final state. The differential crosssection decreases for forward and backward
scattering and increases forπ/2 scattering. This stems from the fact that theT + U -channel increases
for π/2 scattering and vanishes for Cos(θ) = −1 and Cos(θ) = 1. Moreover up to energies higher than
4000 GeV the contact graph decreases. The dependency comes from the phase space. This explains why
the whole cross section decreases for higher energies. The dependence of theS-, T + U -channel and the
contact graph on Cos(θ) is plotted in Fig. 6.8.

Comparing the2 → 2 cross sections with two heavy gluons and two sgluinos, respectively in the final
state we find that the cross section with two heavy gluons is two magnitudes larger than the cross section
with two sgluinos. This will be important for the discussionin Chap. 7, where we study whether or not the
heavy gluon and sgluino can be detected at the LHC.

Finally we have to calculate the decay rates of the heavy gluon and the sgluino into quarks. We have
used again FeynArts and FormCalc to get the decay probability |M|2 and using (6.6), we obtain for the
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Figure 6.8:S, T + U channel and contact vertex for the cross section of two massless gluons in the initial
state and two sgluinos in the final state.

decay rate of the heavy gluon

Γg(1)→ff̄ =
1

24π

√

√

√

√1 −
4m2

f

m2
g(1)

(

6 gg(1)fLf̄L
gg(1)fRf̄R

m2
f + (g2

g(1)fL f̄L
+ g2

g(1)fR f̄R
)(−m2

f + m2
g(1))

)

.

(6.13)

gg(1)fLf̄L
andgg(1)fR f̄R

are the generic couplings from the quarks to the heavy gluon.They are listed in
Tab. 5.5.mf denotes the mass of the respective quark. Plugging (6.13) in(6.6) and performing the integra-
tion over the solid angledΩ, we get the decay rate in units of GeV. The values of the decay rates are listed
in Tab. 6.1. We find that the heavy gluon almost exclusively decays into bottoms and tops. This stems from
the fact that the couplings of the heavy gluon to the up, down,charmed and strange quarks are negligible
small (see Tab. 5.5). Summing over all possible decays, we get the width of the particle. Since the mass of
two squarks is larger than the mass of the heavy gluon and sgluino, the squarks add no contribution to the
decay width. In the case of the heavy gluon we obtainΓg(1) = 155.93 GeV. This is around the tenth of
the particle mass and for this reason the assumption for using the narrow width approximation is justified.
Furthermore we find that the decay into the bottom and the top quark dominates, which becomes important
for the detection of the heavy gluon at LHC. This will be discussed in the section of hadronic cross sections.

The decay rate of the sgluino into quarks reads

ΓΣff̄ =
1

16π

√

1 −
4m2

f

m2
Σ

g2
Σff̄

(

−4m2
f + m2

Σ

)

. (6.14)

Plugging again (6.14) into (6.6) and integrating overdΩ we get the decay rates listed in Tab. 6.2. As in
the case of the heavy gluon the sgluino decays almost exclusively into bottom and top quarks, which cor-
responds to the couplings of the sgluino to the quarks (see Tab. 5.4). It is even more dramatic, since the
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Γg(1)→uū 0.516 GeV

Γg(1)→dd̄ 0.971 GeV

Γg(1)→cc̄ 0.1472 GeV

Γg(1)→ss̄ 0.1472 GeV

Γg(1)→tt̄ 106.32 GeV

Γg(1)→bb̄ 47.827 GeV

Table 6.1: Decay rate of the heavy gluon into quarks.

ΓΣ→uū 9.1 × 10−17 GeV

ΓΣ→dd̄ 0

ΓΣ→cc̄ 0

ΓΣ→ss̄ 7.1 × 10−9 GeV

ΓΣ→tt̄ 0.597 GeV

ΓΣ→bb̄ 0.0013 GeV

Table 6.2: Decay rate of the sgluino into quarks.

decay into the bottom quark is much smaller then the decay in the top quark. The width of the sgluino
Γ = 0.598 GeV is very small compared to its mass. Thus we would expect that the narrow width approxi-
mation works very well in the case of the sgluino.

In the next subsection we want to check the Ward Identity for2 → 2 processes. Since the couplings of
the sgluinos and the gluons are gauge invariant by construction of the theory, the Ward Identity of cross
sections with massless gluons in the initial state and sgluinos or heavy gluons in the final state has to
be fulfilled. To ensure the correct calculation of the coupling of sgluinos and gluons we check the Ward
Identity of the cross section with two gluons in the initial state and two sgluinos in the final state.

Ward Identity

Now we want to check the Ward Identity for the 2→2 process gg→ ΣΣ. In order to verify the validity
of the Ward Identity we have to look at the single amplitudes and have to replace one of the polarization
vectors of the gluons by its momentum.

p2,νMν
1 = i g2 ǫµ(p1)

1

(−p1 − p2)2
fabcfdec p2,ν

× [ gµν(p1 − p2)
ρ + gνρ(2 p2 + p1)

µ + gρµ(−2 p1 − p2)
ν ] (p3 − p4)ρ (6.15)

p2,νMν
2 = i g2 ǫµ(p1)

1

(p1 − p3)2 − mΣ
2

fdcafecb p2,ν (2 p3 − p1)
µ(2 p4 − p2)

ν (6.16)

p2,νMν
3 = i g2 ǫµ(p1)

1

(p1 − p4)2 − mΣ
2

fecafdcb p2,ν (2 p4 − p1)
µ(2 p3 − p2)

ν (6.17)

p2,νMν
4 = i g2 ǫµ(p1) p2,ν gµν

(

fdacf bec + feacf bdc
)

(6.18)

47



Here we substituteǫν(p2) for p2,ν . For simplicity we calculate the Ward Identity in the centerof mass
frame and can then apply the relations~p1 = −~p2 and~p3 = −~p4. First of all we regard theS channel
amplitude and make use of the on-shell relationsǫµ(pi) pµ

i = 0 andpi,µpµ
i = 0 with i = 1, 2. We then

obtain

p2,νMν
1 = − i g2 fabcfdec (p3,νǫν

1 − p4,νǫν
1) . (6.19)

After using the relation~p3 = −~p4 we get

p2,νMν
1 = − 2 i g2 fabcfdec p3,νǫν

1 . (6.20)

We apply the same procedure toM2 andM3 by using the above relations and end up with

p2,νMν
2 = 2 i g2 fdcafecb p3,νǫν

1

p2,νMν
3 = −2 i g2 fecafdcb p3,νǫν

1 (6.21)

p2,νMν
4 is equal to zero becauseǫ1,µpµ

2 = 0. To see that the sum of the residual terms cancels, we have to
use the properties of the structure constants [15] :

fabcfdec =
2

n

(

δadδbe − δaeδbd
)

+
(

dadcdbec − daecdbdc
)

(6.22)

with

dabc =
1

4
Tr[{T a, T b}T c] . (6.23)

When we apply the identities to the above results we obtain the following expressions:

p2,νMν
1 = 2 i g2 p3,νǫν

1

2

n

(

−δadδbe + δaeδbd − dadcdbec + daecdbdc
)

(6.24)

p2,νMν
2 = 2 i g2 p3,νǫν

1

2

n

(

δabδde − δaeδbd + dabcddec − daecdbdc
)

(6.25)

p2,νMν
3 = 2 i g2 p3,νǫν

1

2

n

(

−δabδde + δadδbe − dabcddec + dadcdbec
)

(6.26)

Now it is easy to see that the sum over the three expressions isequal to zero and for this reason the Ward
Identity is fulfilled.

6.2 Monte Carlo Simulation

In this section we want to perform Monte Carlo simulations for 2 → 4 processes with two massless gluons
in the initial state and a bottom anti-bottom and a top anti-top pair in the final state. The Monte Carlo simu-
lation allows us to calculate the2 → 4 tree level cross section without using any approximations.Since
we want to compare the Monte Carlo simulation with the NWA anddo not want to make LHC predictions
at this moment, we reduce the number of diagrams of the the full 2 → 4 tree level process to the number
of 2 → 4 diagrams, which contain onlySU(3) contributions. Furthermore, the neglected diagrams (see
Fig. 6.12 and Fig. 6.13) are single resonant diagrams and we will choose phase space cuts by which sin-
gle resonant diagrams are strongly suppressed. Furthermore the neglected diagrams contain electroweak
contributions. The full2 → 4 tree level cross section is defined by the2 → 4 cross section, which takes
all possible contributions into account that are allowed bythe model. By reducing the number of diagrams
we have to take care about gauge invariance. We ensure gauge invariance by taking all possibleSU(3)
contributions into account. TheSU(3) gauge invariant subclass of all2 → 4 diagrams is shown in Fig.
6.9, 6.10 and 6.11. These diagrams are the diagrams we will concentrate on.

In the NWA we have to choose fixed final states of the2 → 2 cross section. Since the heavy gluon and
the sgluino have the same mass on lowest order we cannot distinguish2 → 4 processes, where heavy gluons
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Figure 6.9: Production of two quark anti-quark pairs with two massless gluons in the initial state. These
are all possible double resonant2 → 4 diagrams in theSU(3) sector. Note that we do not show the crossed
diagrams for reasons of compactness. The dotted lines standeither for a massless gluon, a heavy gluon or
a sgluino.

or sgluinos are in the intermediate state by using suitable phase space cuts. To compare the Monte Carlo
simulation with the NWA, anyway we only regard cross sections where either heavy gluons or sgluinos
are in the intermediate state. Note that these cross sections remain gauge invariant when taking all contri-
butions of the massless gluon into account. Now we can examine the characteristics of the two particles
separately and thus we are able to compare the results of the Monte Carlo simulation with those of the
NWA. If the masses of the heavy gluon and sgluino differ on one-loop order we would have the possibility
to distinguish processes with two heavy gluons or two sgluinos in the intermediate state by the choice of
suitable phase space cuts. This will be discussed in Chap. 7

Since we want to study the contributions of2 → 4 cross sections, where two heavy gluons or two
sgluinos, respectively, are produced in the intermediate state, we have to introduce suitable phase space
cuts. Therefore we restrict the invariant mass of the two quark-antiquark pairs to the mass of the decaying
particles we want to measure. This will be discussed in detail when we present the results of the Monte
Carlo simulation.

To perform the required Monte Carlo simulations we need several programs. To create the scattering
amplitudes we use O’Mega and for the Monte Carlo generation we use Whizard. O’Mega (Optimizing
Matrix Event Generator) is a tool which generates an efficient code for scattering amplitudes created by
Mauro Moretti, Thorsten Ohl and Jürgen Reuter [16]. To produce a highly efficient code for calculating
multiparton cross sections O’Mega uses the so called color flow decomposition. Moreover, by using this
representation, it is possible to add parton showers to the multiparton cross sections. In the next section
we will give a short introduction to color flow decompositionthe reader needs to follow the discussion in
App. D, where the implementation of the model in O’Mega is presented. Afterwards we study the Ward
Identities in this color scheme to get a check for the correctcalculation of the sgluino-gluon coupling in
the color flow representation. Next we examine the correct implementation in O’Mega on the basis of the
2 → 2 processes shown in Fig. 6.1 and 6.2. In the end we will displaythe results of the2 → 4 Monte Carlo
simulation.

6.2.1 Color Flow

In this section we give a short introduction to the topic of color flow decomposition of multiparton am-
plitudes. This whole part is based on the paper of F. Maltoni,K.Stelzer and S. Willenbrock [17]. For
calculating amplitudes, which involve many colored particles, the calculation of the color structure has to
be done. In the past techniques have been developed to do thiswork very efficiently and the systematic
organization of theSU(N) color algebra is one main aspect of such methods. For examplewe consider a
n-gluon amplitude where the gluons have the adjointSU(N) indicesa1, a2...an with n = N2 − 1. At tree
level, such an amplitude can be decomposed as

M(ng) =
∑

P (2,...,n)

Tr (λa1λa2 ...λan) A(1, 2, ..., n) (6.27)
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Figure 6.10: Production of two quark anti-quark pairs with two massless gluons in the initial state. These
are all possible single resonant2 → 4 diagrams in theSU(3) sector. Note that we do not show the crossed
diagrams for reasons of compactness. The dotted lines standeither for a massless gluon, a heavy gluon or
a sgluino.
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Figure 6.11: Production of two quark anti-quark pairs with two massless gluons in the initial state. These
are all possible non-resonant2 → 4 diagrams in theSU(3) sector. Note that we do not show the crossed
diagrams for reasons of compactness. The dotted lines standeither for a massless gluon, a heavy gluon or
a sgluino.
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Figure 6.12:W -, Z-, andγ contributions of the production of two quark anti-quark pairs with two massless
gluons in the initial state. Note that we do not show the crossed diagrams for reasons of compactness. The
wiggly lines stand either for aW -Boson, aZ-Boson or a photon.
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Figure 6.13: Schargino and sneutralino contributions of the production of two quark anti-quark pairs with
two massless gluons in the initial state. Note that we do not show the crossed diagrams for reasons of
compactness. The dashed line stands either for a schargino or a sneutralino.

whereλa are the generators of theSU(N) gauge group in the fundamental representation and the sum is
over all(n − 1)! permutations of(2, ..., n). The partial amplitude A depends only on the four momentapi

and the polarization vectorsǫi of then gluons withi = 1, .., n.

Aside from the above decomposition there exists another one, based on the adjoint representation of
SU(N). Then-gluon amplitude can then be written as

M(ng) =
∑

P (2,...,n−1)

Tr (F a2F a3 ...F an−1)
a1

an
A(1, 2, ..., n) , (6.28)

where(F a)b
c = −ifabc are the adjoint-representation matrices ofSU(N). The sum is over all(n − 2)!

permutations of(2, .., n − 1). The partial amplitudes A are the same as in the above decomposition. In
opposite to the first decomposition scheme the second one exists only for a multigluon amplitude.

The third decomposition method is the so called color flow decomposition. For this method the gluon
field is represented as aN × N matrix (Aµ)i

j (i, j = 1, ..., N) instead of the adjoint representationAa
µ

(a = 1, ..., N2 − 1), which is represented as a vector in the adjoint index. Then-gluon amplitude can then
be written as

M(ng) =
∑

P (2,...,n)

δi1
j2

δi2
j3

...δin

j1
A(1, 2, ..., n) , (6.29)

where the sum is over all(n − 1)! permutations of(2, ..., n). Like the first decomposition this one can
be used for multiparton amplitudes. The color flow decomposition describes theflow of colorand has for
this reason a very descriptive physical interpretation. This property is also useful for merging the hard-
scattering cross section with shower Monte Carlo programs.Moreover this kind of decomposition allows
a very fast and efficient way to calculate multiparton amplitudes.

In the color flow decomposition the color structure of the vertices is very easy (see Fig. 6.14). For the
simplicity of the color structure of the vertices we get a more complicated color structure of the gluon
propagator

〈(Aµ)i1
j1

(Aν)i2
j2
〉 ∝ δi1

j2
δi2
j1
− 1

N
δi1
j1

δi2
j2

(6.30)

instead of the basic structured gluon propagator in the conventional adjoint representation〈Aa
µAb

ν〉 ∝ δab.
But the more complicated color structure of the gluon propagator is not eminently tragical because due to
the antisymmetry of the three- and four-gluon vertices, thesecond color flow in the propagator does not cou-
ple to these interactions. It only couples to the gluon interactions with quarks. For amplitudes where only
particles in the adjoint representation ofSU(N) contribute we can forget about this additional term in the
gluon propagator and calculate the cross section with the reduced propagator〈(Aµ)i1

j1
(Aν)i2

j2
〉 ∝ δi1

j2
δi2
j1

.
Only the interaction of gluon and quarks couple to the secondcolor flow from the propagator. Since this
color flow couples as aU(1) gluon to the quarks we can split the propagator into aU(N) gluon propagator
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i1j1

µ1

= i
g√
2
γµ1 δ

iq

j1
δi1
jq
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µ1

i3
j3µ3

j2
i2 µ2

=
i g√

2

∑

[gµ1µ2(p1 − p2)
µ3 + gµ2µ3(p2 − p3)

µ1 + gµ1µ3(p3 − p1)
µ2 ]

× δi1
j2

δi2
j3

δi3
j1

i4
j4µ4

j3
i3 µ3

i1
j1

µ1

i2
j2

µ2

=
i g2

2

∑

(2gµ1µ3gµ2µ4 − gµ1µ2gµ3µ4 − gµ1µ4gµ2µ3)

× δi1
j2
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j3

δi3
j4

δi4
j1

Figure 6.14: Feynman rules in the color flow decomposition. The sum in the three gluon vertex is over
the two non-cyclic permutations of (1,2,3). The sum in the four gluon vertex is over the six non-cyclic
permutations of (1,2,3,4).
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a, µ1

= gfabc [gµ1µ2(p1 − p2)
µ3 + gµ2µ3(p2 − p3)
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c, µ4
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fabef cde(gµ1µ4gµ2µ3 − gµ1µ3gµ2µ4)

+facef bde(gµ1µ2gµ3µ4 − gµ1µ3gµ2µ4)

+fadef bce(gµ1µ2gµ3µ4 − gµ1µ4gµ2µ3)
]

Figure 6.15: Three and four gluon vertex in the adjoint representation.

and aU(1) propagator. The bifundamental representation of the gluonhas naively3 × 3 = 9 degrees of
freedom. TheU(1) gluon is unphysical and can now be interpreted as a ghostlikeparticle which cancels
the redundant degree of freedom of theU(N) gluon. Therefore theauxiliary gluon has to be implemented
in programs which are based on the color flow representation.This we have done in App. D where we
discuss the implementation.

For a better understanding of the relation between the adjoint and the color flow decomposition we want
to do the explicit transformation from the adjoint to the color flow representation of the three- and four-
gluon vertex. Therefore we start with the interaction vertices in the adjoint representation. First we want
to transform the three-gluon vertex Fig. 6.15.

When we perform the sum of the three-gluon vertex shown in Fig. 6.14 we get a vertex with the same
kinematical and Lorentz structure like in the three-gluon vertex in the adjoint representation multiplied by
a color prefactor(δi1

j2
δi2
j3

δi3
j1

− δi1
j3

δi3
j2

δi2
j1

). To show the equivalence of the both representations we haveto
check the validity of

−fabc (T a)
i1
j1

(

T b
)i2

j2
(T c)

i3
j3

= i
1√
2

(δi1
j2

δi2
j3

δi3
j1
− δi1

j3
δi3
j2

δi2
j1

). (6.31)

Therefore we have to use first that the structure constants, which can be written asfabc = −iTr(T a[T b, T c]).
We get

−fabc = iTr[T aT bT c − T aT cT b] = i(T a
k1k2

T b
k2k3

T c
k3k1

− T a
k1k2

T c
k2k3

T b
k3k1

) (6.32)

Thereafter we multiply the whole expression with(T a)i1
j1

(T b)i2
j2

(T c)i3
j3

to saturate the adjoint indices. To
perform the saturation we have to use the relation

(T a)i
j(T

a)k
l = δi

lδ
k
j − 1/Nδi

jδ
k
l (6.33)

After the whole calculation the final expression for the structure constant is

−fabc(T a)i1
j1

(T b)i2
j2

(T c)i3
j3

= i(δi1
j2

δi2
j3

δi3
j1
− δi1

j3
δi3
j2

δi2
j1

). (6.34)

The factor1/
√

2 in the three gluon vertex of the color flow decomposition comes from the fact that the
N × N matrix field(Aµ)i

j is canonically normalized ((Aµ)i
j ≡

√
2(Aµ)i

j). Because of this normalization
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Figure 6.16: Quartic coupling of the lightest sgluino to twomassless gluons in the adjoint representation.

the coupling constant isg/
√

2 rather thang.

Next we want to show the equivalence for the four gluon vertex. Therefore we have to use again the
relationfabc = −iTr(T a[T b, T c]) and get the following expressions for the color structure ofthe four
gluon vertex in the adjoint representation

fabef cde = Tr[T aT bT cT d] + Tr[T bT aT dT c] − Tr[T aT bT dT c] − Tr[T bT aT cT d] (6.35)

where we also exploit (6.33). Now we multiply the obtained expression by(T a)i1
j1

(T b)i2
j2

(T c)i3
j3

(T d)i4
j4

,
apply (6.33) once more and get

fabef cde(T a)i1
j1

(T b)i2
j2

(T c)i3
j3

(T d)i4
j4

= δi1
j2

δi2
j3

δi3
j4

δi4
j1

+ δi1
j4

δi2
j1

δi3
j2

δi4
j3
− δi1

j3
δi2
j1

δi3
j4

δi4
j2
− δi1

j2
δi2
j4

δi3
j1

δi4
j3

facef bde(T a)i1
j1

(T b)i2
j2

(T c)i3
j3

(T d)i4
j4

= δi1
j4

δi2
j3

δi3
j1

δi4
j2

+ δi1
j3

δi2
j4

δi3
j2

δi4
j1
− δi1

j3
δi2
j1

δi3
j4

δi4
j2
− δi1

j2
δi2
j4

δi3
j1

δi4
j3

fadef bce(T a)i1
j1

(T b)i2
j2

(T c)i3
j3

(T d)i4
j4

= δi1
j4

δi2
j3

δi3
j1

δi4
j2

+ δi1
j3

δi2
j4

δi3
j2

δi4
j1
− δi1

j4
δi2
j1

δi3
j2

δi4
j3
− δi1

j2
δi2
j3

δi3
j4

δi4
j1

(6.36)

We obtain six different color structures, which are exactlythe six non-cyclic permutations of the four-
gluon vertex shown in Fig. 6.14. When we now replace the structure constants in the four-gluon vertex in
the adjoint representation by the expressions from Eq. (6.36) and rearrange the vertex in order to the six
non-cyclic permutations ofδi1

j2
δi2
j3

δi3
j4

δi4
j1

the four gluon vertex reads

ig2
∑

δi1
j2

δi2
j3

δi3
j4

δi4
j1

(2gµ1µ3gµ2µ4 − gµ1µ2gµ3µ4 − gµ1µ4gµ2µ3) (6.37)

and is except for a factor1/2 equal to the four gluon vertex of the color flow decomposition. The factor1/2
comes again from the canonical normalization of theN × N matrix field(Aµ)i

j . The vertex of the gluon
to a quark anti-quark pair can be transformed in the same way as the three- and four-gluon vertex. The 4D
gluon vertices in the color flow decomposition are easily extended to the 5D one with heavy gluons, since
the color structure do not change.

Lastly we want to examine the couplings of the sgluinos to thegluons and fermions in the color flow
decomposition, since we need them in this representation for the implementation in O’Mega. The trilinear
couplings of the sgluino to the fermions and gluons only differ in the Lorentz structure and coupling
constants from the trilinear gluon couplings. Thus the color flow structure of the vertices is the same as
shown in Fig. 6.14 and we only have to exchange the Lorentz structure and coupling constants. In the case
of the quartic coupling of the sgluinos to the gluons we only regard the coupling of the lightest sgluino to
two massless gluons for simplicity. The extension to the full theory is as easy as in the case of the gluon
couplings discussed above. The vertex in the adjoint representation is shown in Fig. 6.16. To get the color
flow representation of the vertex we use formula (6.36) and obtain after a short calculation the vertex shown
in Fig. 6.17. The factor1/2 comes again from the canonical normalization.

Ward Identity and Color Flows

The Ward Identity has to be fulfilled for every given setup of quantum numbers for the in- and out-states.
Hence the Ward Identity has to be valid for every color flow. Wewant to show this item explicitly for
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Figure 6.17: Quartic coupling of the lightest sgluino to twomassless gluons in the color flow representation.

the processgg → ΣΣ. Most of the work has been done in section 6.1.2, because we can already use the
simplified expressions for the amplitudesMν

1 , Mν
2 andMν

3 from (6.20) and (6.21).

p2,νMν
1 = − 2 i g2 fabcfdec p3,νǫν

1

p2,νMν
2 = 2 i g2 fdcafecb p3,νǫν

1

p2,νMν
3 = −2 i g2 fecafdcb p3,νǫν

1 (6.38)

Thus the only work that has been left is the transformation ofthe structure constants in the color flow
representation. Therefore we use the relations of (6.36) and get
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(6.39)

The sum over the three expressions is equal to zero and therefore the Ward Identity is fulfilled for every
given color flow. We do not regard the amplitude of the contact-vertex because as a result of the Lorentz
structure this amplitude does not contribute to the Ward Identity, as we have seen in section 6.1.2.

6.2.2 Calculation of the2 → 2 cross sections with O’Mega

To check the implementation of the model into O’Mega, we wantto calculate the2 → 2 cross section
shown in Fig. 6.1 and 6.2 using O’Mega. On one hand we can verify the validity of the Ward Identity on
the basis of2 → 2 cross sections and on the other hand it allows us to compare the results of O’Mega
with those of FormCalc. This is in particular helpful by checking the correct implementation of the quartic
coupling of the gluons to the sgluinos, since this vertex does not contribute to the Ward Identity as shown
above. Since the explicit implementation is discussed in App. D, in this section we will only explain how
to calculate2 → 2 cross sections with O’Mega in principle.

O’Mega produces a fortran code of the scattering amplitudes. To calculate the cross section, we need
the square of the absolute value of the scattering amplitudefirst. Therefore we have to perform the sum
over the polarizations and color flows. The sum over the polarization is performed easily, since O’Mega
provides tools for this. However, the sum over color will notbe done automatically. For this, we have
to know which different color flows exist for a2 → 2 cross section, where the incoming and outgoing
particles are in the bifundamental color flow representation. The six possible color flows are shown in Fig.
6.18. The indicesi1, j1, ..., i4, j4 are the indices of the bifundamental representation of the particles. The
subscriptk = 1, 2 of ik andjk denotes the incoming particles andk = 3, 4 the outgoing particles. Since in
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Figure 6.18: Six different color flows for a2 → 2 cross section, where the initial and final particles are in
the bifundamental color flow representation.

O’Mega the colored particles are not declared by the bifundamental indices of the particles but through the
possible color flowsc1, c2, c3, c4, ... we rewrite the bifundamental indices to the possible color flows as
shown in Fig. 6.19. Note that in the case of the color flows the subscripts1, 2, 3, 4 are no longer connected
to the particles but are chosen arbitrarily. The amplitudesof the six color flows would then schematically
look like

particle1(c4, c1) particle2(c1, c2) → particle3(c3, c2) particle4(c4, c3)

particle1(c1, c2) particle2(c4, c1) → particle3(c4, c3) particle4(c3, c2)

... (6.40)

When squaring the whole amplitude we have to attend that the square of equal color flow amplitudes gets
a symmetry factor1/N4 and the square of unequal color amplitudes gets a symmetry factor 1/N2 [17].
N is the dimension of the fundamental representation of theSU(N) gauge group. Now we are ready to
calculate the square of the absolute value of the scatteringamplitude, which is managed by a short fortran
program.

In the scattering amplitudes, the momenta of the incoming and outgoing particles appear. To plot the
differential cross section against the center of mass energy of the incoming particles and the polar angle
θ we useoplotter a “FRIENDLY O’MEGA PLOTTING TOOL”, created by Christian Speckner [18].
From the center of mass energy, the polar and azimuthal angleit calculates the momenta of the outgoing
particles in the rest frame and multiplies the square of the scattering amplitude with the phase space factor
for a2 → 2 process. Plotting the results we find that they agree with theresults of FormCalc.

6.2.3 Results of Monte Carlo simulations

In this section we want to discuss the results of the Monte Carlo simulation. As mentioned before we only
perform Monte Carlo simulations of2 → 4 cross sections, where either heavy gluons or sgluinos are inthe
intermediate state. The diagrams we use for the Monte Carlo simulation are shown in Fig. 6.9, 6.10 and
6.11. Since we want to study the contributions of2 → 4 cross sections, where two heavy gluons and two
sgluinos, respectively, are produced in the intermediate state (see Fig. 6.9) we have to introduce suitable
phase space cuts. Therefore we restrict the invariant mass of the two quark-antiquark pairs to the mass of
the decaying particles we want to measure. The invariant mass is defined by

mqq̄ =
√

(pq + pq̄)2 (6.41)

56



c1
c2

c3
c2

c4
c1 c3

c4

c4
c1

c4
c3

c1
c2 c2

c3

c1
c2

c4
c3

c4
c1 c2

c3

c4
c1

c3
c2

c1
c2 c3

c4

c1
c2

c3
c2

c3
c4 c4

c1

c2
c3

c2
c1

c4
c1 c3

c4

Figure 6.19: Six different color flows for a2 → 2 cross section, where the bifundamental representation of
the particles is denoted by their color flows.

CUT1 CUT2

mbb̄ / GeV [1000, 2000] [1410, 1430]

mtt̄ / GeV [1000, 2000] [1410, 1430]

Table 6.3: Phase space cuts for the Monte Carlo simulation ofthe partonic2 → 4 cross section with a
bottom anti-bottom and a top anti-top pair in the final state.

wherepq andpq̄ are the momenta of the quark and anti-quark, respectively. Since the heavy gluon and
the sgluino have a decay width, we cannot choose the invariant mass exactly to the mass of the decaying
particle. Rather we have to select a sufficiently large phasespace range to respect all contributions from
the double resonant decay processes (see Fig. 6.9). The formof the peak in the invariant mass spectrum
corresponds to a Lorentz distribution. Thus we use a phase space range which is six times the width of the
decaying particle. In the case of the heavy gluon (Γ = 155.93 GeV), we choose the invariant mass of the
quark anti-quark pairs between1000 GeV and2000 GeV and in the case of the sgluino (Γ = 0.598 GeV)
between1410 GeV and1430 GeV. We will denote these phase space cuts as CUT1 and CUT2, respectively.
Because the sgluino has such a tiny width, we can choose the phase space cuts much larger than six times
the decay width without being at risk to take too large contributions of the single resonant processes shown
in Fig. 6.10 into account. For the Monte Carlo simulation we choose the final state to a bottom anti-bottom
and top anti-top pair. At this moment the choice of the final state is arbitrarily, it will be important when we
discuss LHC observables. To produce the plots shown in Fig. 6.20, 6.21, 6.22 and 6.23, the Monte Carlo
creates500000 events and we use a center of mass energy

√
S = 4000 GeV. All the phase space cuts we

use in this section are listed in Tab. 6.3.

The results of the Monte Carlo simulation for two heavy gluons in the intermediate state are shown in
Fig. 6.20 and 6.21. These plots display the events dependingon the invariant mass of the top anti-top pair
and the absolute value of Cos(θ) of the top quark. As we would expect, we find that the peak in Fig. 6.20
is at the mass of the heavy gluon1420.85 GeV and the width of the peak corresponds to the width of
the decaying particle, which is valued155.93 GeV. The result of the total cross section, calculated from
Whizard, is

σg1g1(gg → bb̄tt̄) = (8816 ± 16) fb . (6.42)

In the case of the two sgluinos we find the same behavior. The results of the Monte Carlo simulations are
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Figure 6.20: Invariant mass of a top anti-top pair with two heavy gluons in the intermediate state (Ntot =
500000 and for the phase space cut we use CUT1).
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Figure 6.21: Absolute value of Cos(θ) for the top quark with two heavy gluons in the intermediate state
(Ntot = 500000 and for the phase space cut we use CUT1).

shown in Fig. 6.22 and 6.23, where again the events dependingon the invariant mass of the top anti-top
pair and the absolute value of Cos(θ) of the top quark are shown. The peak is located at the same position
as in the case of the heavy gluon, since the mass of the sgluinois equal to the mass of the heavy gluon and
again the width of the peak corresponds to the width of the sgluino, which is0.598 GeV. In this case the
value of the total cross section sums up to

σΣΣ(gg → bb̄tt̄) = (1.594 ± 0.002) fb . (6.43)

The huge difference of the total cross sectionsσg1g1 andσΣΣ stems from the fact that on one hand the
sgluinos couple considerably less to the bottoms than to thetops (see Tab. 5.4 and 5.5) and on the other
hand the gluon induced2 → 2 production of a sgluino pair is two orders of magnitude smaller than the
2 → 2 heavy gluon production (see Sec. 6.1.2).
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Figure 6.22: Invariant mass of a top anti-top pair with two sgluinos in the intermediate state (Ntot = 500000
and for the phase space cut we use CUT2).
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Figure 6.23: Absolute value of Cos(θ) for the top quark with two sgluinos in the intermediate state(Ntot =
500000 and for the phase space cut we use CUT2).

59



6.3 Narrow width vs. Monte Carlo simulation

In this section we want to compare the narrow width approximation with the results of the Monte Carlo
simulation. To do this, we have to translate the events produced from the Monte Carlo simulation into the
unit barn. Therefore we use the value of the total cross section, calculated by Whizard, and relate it to the
contents of the histogram

σtot =

∫

dσ

dΦ
dΦ ≈

∑

i

∆σi

∆Φi
∆Φi (6.44)

The indexi sums over all bins. Since all∆Φi are of the same size, we can write

σtot

N

∑

i

Ni = ∆Φ
∑

i

∆σi

∆Φ
, (6.45)

whereN is the total number of events andNi are the events per bin. From this it follows that

∆σi

∆Φ
=

σtot

N∆Φ
Ni . (6.46)

For N → ∞ the Monte Carlo simulation becomes the analytical calculation of the tree level2 → 4 cross
section.

First we want to compare the total cross sections from the NWAwith the Monte Carlo simulation. The
calculation of the total2 → 2 cross sections for the NWA was done withoplotter and the values are

σgg→g1g1 = 22698 fb

σgg→ΣΣ = 378.40 fb (6.47)

As discussed in Sec. 6.1.1, we have to multiply the2 → 2 cross section with the branching ratios of the
decays. They are listed in Tab. 6.4. Moreover we have to multiply the2 → 2 cross sections with a factor
2, which originates from the identical particles in the intermediate state. The total2 → 4 cross sections for
two heavy gluons then is

σNWA,g1g1(gg → bb̄tt̄) = 2 BR(g1 → bb̄) BR(g1 → tt̄) σgg→g1g1 = 9569 fb (6.48)

Comparing this result with the result of the Monte Carlo simulation (6.42), we find that the total cross
section of the Monte Carlo simulation is10% smaller than the total cross section of the narrow width ap-
proximation. This stems from destructive interferences ofthe single resonant diagrams (see Fig. 6.10),
which we cannot totally exclude by the phase space cut CUT1.

In the case of the sgluino we get for the narrow width approximation

σNWA,ΣΣ(gg → bb̄tt̄) = 2 BR(Σ → bb̄) BR(Σ → tt̄) σgg→ΣΣ = 1.586 fb . (6.49)

Comparing this result with the result of the Monte Carlo simulation (6.43), we find that the narrow width
approximation deviates only by0.05%. As we had expected, the narrow width approximation works very
well in the case of the sgluino.

Next we want to compare the angular distributions shown in Fig. 6.24 and 6.25. Fig. 6.24 and 6.25
display the Cos(θ) dependence of the top quark of the final state. Note that in thecase of the narrow
width approximation we assume this to be the same as the decaying particle. Thus we actually plotted the
Cos(θ) dependence of the heavy gluon (6.11) and sgluino (6.12), respectively. We find that in the narrow
width approximation the forward and backward scattering contributes much more than in the case of the
Monte Carlo simulation and is smaller forπ/2 scattering. This stems from the fact that in the narrow width
approximation we only consider top quarks, which move exactly in the same direction as the decaying
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BR(g1 → bb̄) 0.31

BR(g1 → tt̄) 0.68

BR(Σ → bb̄) 0.0021

BR(Σ → tt̄) 0.998

Table 6.4: Branching ratios for the decay of the heavy gluon and sgluino, respectively into tops and bottoms.
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Figure 6.24: Comparison of the narrow width approximation with the full tree level cross section for the
decay of two heavy gluons into two tops and two bottoms. The Cos(θ) dependence of the final state top
quark is plotted, where we assume that in the case of the narrow width approximation the top quark has the
same Cos(θ) dependence as the heavy gluon in the2 → 2 cross section.
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Figure 6.25: Comparison of the narrow width approximation with the full tree level cross section for the
decay of two sgluinos into two tops and two bottoms. The Cos(θ) dependence of the final state top quark
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particle. Thus the Lorentz factorβ ≈ 0.7 discussed in Sec.6.1.1 is not sufficiently large to justify the
assumption that the quarks almost exclusively decay in the direction of the heavy gluon or sgluino, respec-
tively.

To get a better approximation we regard the decay probability f depending onθ1, ϕ1, θ andϕ and
convolve it with the2 → 2 cross section (see Fig. 6.26)

∫

dσ(θ1) f(θ1, ϕ1, θ, ϕ) Sin(θ1)dθ1dϕ1 . (6.50)

θ andϕ denote the coordinates of the observer and thus we can set theazimuthal angleϕ to zero without
loss of generality. Since the decay of the intermediate particle only depends onǫ, it suffices to know the
probability distribution depending on this parameter. Therefore we expressǫ in terms ofθ1, ϕ1 andθ

Cos(ǫ) = Sin(θ1)Cos(ϕ1)Sin(θ) + Cos(θ1)Cos(θ) (6.51)

and the remaining task is the calculation of the decay probability with respect to Cos(ǫ). To get there
we start with the isotropic decay probability in the rest frame and boost it to the laboratory system. Let
h(x) = x̃ the coordinate transformation fromx to bex̃. The transformed probability distributionf then
reads

f(x̃) =
dh(x̃)−1

dx̃
= (h−1)′ (6.52)

The coordinate transformation ofǫ is given by [19]

Cos(ǫ) =
Cos(ǫ′) + β

1 + β Cos(ǫ′)
, (6.53)

whereǫ′ is the coordinate in the rest frame andβ is the Lorentz factor. The inverse transformation then
reads

Cos(ǫ′) =
−Cos(ǫ) + β

−1 + β Cos(ǫ)
(6.54)

and with (6.52) we obtain the following probability distribution

f(Cos(ǫ)) =
N

1 + βCos(ǫ)

(

1 +
β(β − Cos(ǫ))
βCos(ǫ) − 1

)

(6.55)

N is the normalization constant, which makes sure that the probability remains conserved after the convo-
lution. The associated normalization condition is

∫

f(ǫ)dǫ = 1 . When we convolve the above probability
distribution with the2 → 2 cross section, we get the Cos(θ) dependence shown in Fig. 6.27 and 6.28.

The convolved narrow width approximation fits the Monte Carlo simulation much better and in the case
of the sgluino it is almost identical. For the coordinate transformation we used a Lorentz factorβ = 0.71.
For the calculation ofβ we make use of (6.3) and (6.5) and set the mass of the heavy gluon and sgluino to
mg1 = mΣ = 1420.85 GeV.
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Figure 6.27: Comparison of the improved narrow width approximation with the full tree level cross section
for the decay of two heavy gluons in two tops and two bottoms. Here is the Cos(θ) dependence of the top
quark plotted.
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Chapter 7

Hadronic cross sections and LHC
Distributions

In this chapter we want to derive theoretical predictions for future measurements at the LHC. In the last
chapter we have calculated cross sections of the incoming gluons with fixed momenta. As a consequence
of confinement, gluons and quarks cannot be observed as asymptotic particles, but only as constituents of
hadrons. Observables of parton interactions can thereforenot be measured directly by parton collisions,
but indirectly by hadron collider experiments. To make theoretical predictions it is necessary to relate the
interactions at the parton level to the interactions of the hadron level. Thus in the fist part of the chapter we
will give a short introduction to the parton model. In the second part we will discuss possible observables
to measure sgluinos and heavy gluons at the LHC.

7.1 Factorization and the Parton Model of QCD

The parton model describes the interactions of hadrons in high energy collisions. If the energy scale of
the collider experiment is sufficiently large (≥ 10 GeV), the partons can be treated as non-interacting
constituents of the proton. This means that the partons of one hadron do not interact which each other
within the time scale of the hadronic collision. A parton with momentumpµ is given by

pµ = xPµ , (7.1)

wherePµ is the momentum of the hadron andx ∈ ]0, 1[ . The probability for a parton with momentum
pµ is given by the parton distribution function (PDF), which depends onx and the factorization scaleµ.
The form of the parton distribution has to be measured, sinceit is a result of low-energy physics, where

p2

p1

x2p2

x1p1

q
q̄

q
q̄

P2

P1

Figure 7.1: Hadronic cross section for the gluon induced production of two quark antiquark pairs.
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Figure 7.2: Parton distribution of the CTEQ5M series for thegluon and up and down quarks. The factor-
ization scale isµ = 3000 GeV. The black dashed line denotes a parton energy of1400 GeV, if the proton
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QCD becomes strongly interacting and perturbation theory breaks down. The factorization scale is a free
parameter and should be chosen close to the energy scale of the collision. The parton distributions of the
gluons, up and down quarks forµ = 3000 GeV are plotted in Fig. 7.2.

The total energy at the LHC is14 TeV, which means that each proton has an energy of7 TeV. To produce
the heavy gluon and sgluino on-shell, each of the gluons musthave an energy of1500 GeV. For a proton
energy of7 TeV this corresponds tox ≈ 0.2 (see Fig. 7.2). We find that the probability for two gluons
with an energy of1500 GeV is sufficiently large to justify the examination of gluoninduced processes.
The probability for an up and an anti-up or a down and an anti-down atx = 0.2 is also large, but the
quark induced production of heavy gluons and sgluinos is strongly suppressed, since the coupling of the up
quarks to the heavy gluon and the sgluino is very small. The only quarks that couple strongly to the heavy
gluon and the sgluino are the bottom and the top quark, but processes induced by them can be excluded by
the parton distribution.

The proton collision with the gluon induced production of two quark-antiquark pairs is diagrammatically
shown in Fig. 7.1.p1 andp2 are the momenta of the colliding protons. The hadronic differential cross
section then reads

dσ(P1, P2) =

1
∫

0

1
∫

0

dx1dx2f(x1, µ)f(x2, µ)dσ(x1P1, x2P2) , (7.2)

wheref are the parton distribution functions.

7.2 LHC observables

Now we have to think about observables that can be measured atthe LHC and which are sensitive to
the physics of the sgluino and heavy gluon that are predictedby our model. Therefore we examine the
full hadronic2 → 4 cross section with two quark anti-quark pairs in the final state (see Fig. 7.1). We
only neglect the processes that contain schargino and sneutralino contributions (see Fig. 6.13), because
the implementation of the vertices in O’Mega would be extremely time-consuming but the corresponding
processes only lead to small contributions, since the schargino and sneutralino weakly interact. On the
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CUT3 CUT4 CUT5

Cos(θb) [−0.98, 0.98] [−0.98, 0.98] [−0.98, 0.98]

Cos(θb̄) [−0.98, 0.98] [−0.98, 0.98] [−0.98, 0.98]

Cos(θt) [−0.98, 0.98] [−0.98, 0.98] [−0.98, 0.98]

Cos(θt̄) [−0.98, 0.98] [−0.98, 0.98] [−0.98, 0.98]

mbb̄ / GeV [1000, 2000] [1200, 1250] [1600, 1650]

mtt̄ / GeV [1000, 2000] [1200, 1250] [1600, 1650]

Table 7.1: Phase space cuts for the Monte Carlo simulation ofthe hadronic2 → 4 cross section with a
bottom anti-bottom and a top anti-top pair in the final state.

basis of the2 → 4 cross sections we study the invariant mass of a quark-antiquark pair and furthermore the
dependence on the polar angle of the outgoing particles. Theheavy gluon and the sgluino decays almost
exclusively in top anti-top pairs, but the experimental analysis of four-top final states is very complicated.
This stems from the fact that the top decays directly in a bottom quark and aW -Boson, which decay further
into standard model particles we can measure at the detectorand neutrinos. To simplify the analysis we
restrict ourselves to a bottom anti-bottom top anti-top final state. We will see that the number of events is
still large enough. Moreover the lifetime of the bottoms is sufficiently long, so that its further decay is out
of the collision region. This can be resolved at the detectorand thus the bottom quark can be identified,
which helps the analysis eminently.

To filter the processes where two heavy gluons or two sgluinos, respectively, are produced in the inter-
mediate state we restrict the invariant mass of the top anti-top and bottom anti-bottom pair to be between
1000 GeV and2000 GeV. Since the detector is not sensitive to forward and backward scattering, we also
bound Cos(θ) of each outgoing particle to be between−0.98 and0.98. This phase space cut is denoted
by CUT3. All the phase space cuts we use in this section are listed in Tab. 7.1. Furthermore we use a
parton distribution with a dynamical factorization scale.This means that the Monte Carlo generator uses
for every event the parton distribution with the factorization scale which corresponds to the center of mass
energy of the event. Furthermore we use an integrated luminosity of

∫

L = 100 fb−1, since this integrated
luminosity will definitely be reached at the LHC. The luminosity is a value to characterize the performance
of an accelerator and the integrated luminosity is the integral of the luminosity with respect to time. For a
given integrated luminosity the total number of eventsNtot can be calculated as follows

Ntot = σtot ×
∫

L (7.3)

With an integrated luminosity of100 fb−1 and the phase space cuts given above, the Monte Carlo simula-
tion calculates a total cross section of

σtot = (40.49 ± 0.67) fb (7.4)

which corresponds toNtot = 4049. If we make the same Monte Carlo simulation with the SM we obtain
a total number of events which is less than 10. This is based onthe fact that in the case of the SM2 → 4
cross section the invariant mass of the bottom anti-bottom or top anti-top pair decreases above20 GeV
and500 GeV, respectively, with1/S. Furthermore the SM contributions are strongly suppressedby the
phase space cut CUT3 (see Tab. 7.1), where we restrict both invariant masses to be between1000 GeV
and2000 GeV. Thus we can ignore standard model processes, but note that the results of our Monte Carlo
simulation contain all higgsless SM contributions (see Fig. 6.12) as well. The invariant mass of the top
anti-top pair and the Cos(θ) dependence are plotted in Fig. 7.3 and 7.4. As we would expect, we obtain a
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Figure 7.3: Invariant mass of a top anti-top pair for the gluon induced2 → 4 cross section (
∫

L =
100 fb−1). For the phase space cut we use CUT3 (see Tab. 7.1). CUT3 enhances the double resonant
diagrams (see Fig. 6.9) and suppresses all single and non-resonant contributions shown in Fig. 6.10 and
6.11.

peak at the invariant mass of the heavy gluon and sgluino. Thepeak has a width of more than100 GeV
and thus it corresponds to the heavy gluon. Since the contribution of processes with two sgluinos in the
intermediate state are considerably smaller than the processes with two heavy gluons in the intermediate
state, we cannot resolve the sgluino in the invariant mass spectrum. But as mentioned in Sec. 5.2, we expect
that the masses of the heavy gluon and the sgluino differ whenwe calculate the one-loop mass corrections.
If the one-loop calculation generates a mass difference bigger than the width of the heavy gluon we would
have the possibility to distinguish both particles in the invariant mass spectrum. In case that the sgluino
gets a mass correction of±200 GeV, we perform a Monte Carlo simulation formΣ = 1220.85 GeV and
mΣ = 1620.85 GeV. Since the2 → 4 contributions with two sgluinos in the intermediate state are very
small, we take an integrated luminosity of

∫

L = 400 fb−1. The results are shown in Fig. 7.5. We find that
in the case ofmΣ = 1220.85 GeV we can resolve the sgluino in the invariant mass spectrumvery well, but
in the case ofmΣ = 1620.85 GeV this is much harder. This stems from the fact that the parton distribution
of the gluons decreases with growing energy (see Fig. 7.2). For the phase space cuts we use CUT4 and
CUT5 (see Tab. 7.1) formΣ = 1220.85 GeV andmΣ = 1620.85 GeV, respectively. To resolve the sgluino
in the invariant mass spectrum we have to study the SM and heavy gluon background. When we perform
the Monte Carlo simulation for the SM contributions in the phase space range of CUT4 and CUT5 we get
a total cross section, which is numerically equal to zero. The generated heavy gluon background for CUT4
and CUT5 is displayed in Fig. 7.5 by the shaded blocks. Note that the heavy gluon background contains
all higgsless SM contributions as well. Furthermore the background is gauge invariant because we take all
SU(3) diagrams with massless gluons into account.

Finally we examine the Cos(θ) dependence of the final state top quark. As in the case of the invariant
mass spectrum the Cos(θ) dependence of the top quark plotted in Fig. 7.4 arises from the decay of the
heavy gluon.
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Figure 7.4: Cos(θ) dependence of the top quark for the gluon induced2 → 4 cross section (
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L =
100 fb−1). For the phase space cut we use CUT3 (see Tab. 7.1). CUT3 enhances the double resonant
diagrams (see Fig. 6.9) and suppresses all single and non-resonant contributions shown in Fig. 6.10 and
6.11.
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Figure 7.5: Invariant mass of a top anti-top pair for the gluon induced2 → 4 cross section, where we put
the mass of the sgluino to1220 GeV or1620 GeV, respectively (

∫

L = 400 fb−1). For the phase space cuts
we use CUT4 and CUT5, respectively (see Tab. 7.1). As in the case of CUT3, CUT4 and CUT5 enhance
the double resonant diagrams (see Fig. 6.9) and suppress allsingle and non-resonant contributions shown
in Fig. 6.10 and 6.11.
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Chapter 8

Conclusions

In this work we have studied the LHC phenomenology of a warpedhiggsless supersymmetric 5D model
introduced by Alexander Knochel and Thorsten Ohl [1]. Therefore we examined the characteristics of the
heavy gluon and the sgluino, which are both part of theSU(3) 5D SUSY gauge multiplet. For this purpose
we first had to calculate the masses and the effective 4D couplings of the heavy gluon and the sgluino.
We found that both particles have equal masses (m = 1420.85 GeV) and that they couple strongly to the
bottom and in particular to the top quark. Next we have constructed the Feynman rules of the three- and
four-point vertices of the gluon selfinteractions, the coupling to the quarks, and the coupling of the gluons
to the sgluino.

To examine the characteristics we studied partonic2 → 4 cross sections with gluons in the initial state
and a bottom anti-bottom and top anti-top pair in the final state. For the calculation we first use the narrow
width approximation and second a Monte Carlo simulation of the 2 → 4 process. Since for using the
narrow width approximation we had to define fixed final states for the2 → 2 cross section, we constrained
the partonic2 → 4 calculation to either heavy gluons or sgluinos in the intermediate state. This gave us
the possibility to compare both methods. To calculate the narrow width approximation we implemented
the model in FeynArts and FormCalc and for the Monte Carlo simulation we used O’Mega to create the
Feynman amplitudes and Whizard to generate the Monte Carlo events. We find that the total cross sec-
tions of the narrow width approximation differ about10% in the case of the heavy gluon and0.05% in the
case of the sgluino. The large coincidence of the Monte Carlosimulation with the narrow width approx-
imation for sgluinos in the intermediate state stems from the fact that the sgluinos have the tiny width of
Γ = 0.598 GeV. We also compared the Cos(θ) dependence of the final state top quark and we find that after
the convolution of the narrow width approximation with the differential decay probability in the laboratory
system both distributions fitted very well.

To make predictions for possible observables of the heavy gluon and sgluino at the LHC, we have
performed Monte Carlo simulations of the hadronic2 → 4 cross section. Therefore we had to convolve
the 2 → 4 partonic cross section with the parton distribution functions of the protons. The total cross
section of the2 → 4 process is sufficiently large by using suitable phase space cuts, that we would detect
the predicted particles in the runtime of the LHC. With an integrated luminosity of100 fb−1 we would get
more than4000 events, where only about10 are standard model induced. In the invariant mass spectrum
of the top anti-top pair we find a peak at∼ 1420 GeV, which corresponds to the mass of the heavy gluon
and sgluino. Since the width of the heavy gluon is155.93 GeV and the processes with heavy gluons in
the intermediate state contributes much more than the processes with sgluinos in the intermediate state, we
cannot resolve the sgluino in the invariant mass spectrum. The same holds true for the Cos(θ) dependence.
But we expect that the masses of the heavy gluon and the sgluino get sufficiently large one-loop corrections
and this then would give us the possibility to resolve the sgluino in the invariant mass spectrum. Even when
we could not resolve the sgluino, the results of the Monte Carlo simulation shows, that we would measure
characteristics of the predicted model, if it proves well-founded.
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Appendix A

Notation and Conventions

We use the metric convention

gMN =



























1 0 0 0 0

0 −1 0 0 0

0 0 −1 0 0

0 0 0 −1 0

0 0 0 0 −1



























(A.1)

and

γµ =







0 σµ

σ̄µ 0






γ5 =







i 0

0 −i






, (A.2)

whereσ0 = σ̄0 = −12 and−σ̄i = σi are the Pauli matrices. For the Dirac spinors we write

Ψ =







ηα

χ̄α̇






; Ψ̄ = Ψ†γ0 =







χα

η̄α̇






(A.3)

The 5D Lorentz transformations of the fermions are given by

Ψ → e−
i
4 wMNΛMN

Ψ (A.4)

with the generators

ΛMN =
i

2

[

γM , γN
]

(A.5)

In theories with warped extra dimensions theories we use twocoordinate systems. Theproper distance
coordinates and theconformalcoordinates. The proper distance coordinates havexM = (xµ, y) with
y ∈ [0, π] and are related to the conformal coordinatesxM = (xµ, z) with z ∈ [1/k, 1/ΛIR] through

z = k−1eRky ; ΛIR = keRkπ (A.6)

In proper distance coordinates the metric is

ĝµν = e−2Rkygµν
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ĝ55 = − R2g55

ĝµ5 = 0 (A.7)

and theγ-matrices then read

γ̂µ = − eRky γµ

γ̂5 = R−1 γ5

γ̂µ = ĝµν γ̂ν

γ̂5 = − R2 γ̂5 . (A.8)

In conformal coordinates the metric can be written as

ĝMN =
1

k2z2
gMN

(A.9)

and theγ-matrices are

γ̂M = k z γM

γ̂M = ĝMN γ̂N . (A.10)

For theγ-matrices we have

{γ̂M , γ̂N} = 2 ĝMN . (A.11)
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Appendix B

Parameters

In this appendix we list all the standard model parameters weneeded for our calculations and we define
all the standard model coupling constants, which were not discussed in Chap. 5. The couplings of the
fermions to the photon,Z-Boson,W -Boson and massless gluon are the same as in the standard model. For
the calculation we need the following parameters

mW = 80.403 GeV

mZ = 91.1876 GeV

GF = 1.16637 GeV−2

αS = 0.1176 (B.1)

wheremW andmZ are the masses of theW - andZ-Boson,GF is the Fermi coupling constant andαS is
the strong coupling constant. The Weinberg angleθW is given by the ratio ofmW andmZ

cosθW =
mW

mZ
. (B.2)

Now we are ready to calculate the electromagnetic couplinge, the weak couplingg4 and the strong coupling
g4C

e = 2 sinθW mW

√√
2 GF

g4 =
e

sinθW

g4C
=

√
4 π αS (B.3)

We add the subscript 4 to the couplings, to illustrate that they are effective 4D couplings. The coupling of
the up-type and down-type quarks to the photon then reads

ga,up = − 2

3
e

ga,down = − 1

3
e (B.4)

and theW -Boson coupling is

gwqq̄ = − g4

2
(B.5)

TheZ-Boson couples different to the left- and right-handed quarks

gz,upL
= − g4

2cosθW
(1 − 8

3
sin2θW )
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gz,downL
= − g4

2cosθW
(−1 +

4

3
sin2θW )

gz,upR
= − g4

2cosθW

gz,downR
=

g4

2cosθW
(B.6)
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Appendix C

Implementation of the Model in
FeynArts

In order to calculate the narrow width approximation with FeynArts and FormCalc we have to create a
file which includes all the particles and couplings of the model. Since we want to treat the massive gauge
bosons in the unitarity gauge we define a new massive vector particle VV in Lorentz.gen with the
following propagator

− i

p2 − m2

(

gµν − pµpν

m2

)

. (C.1)

We implemented the entire model including all particles andcouplings in FeynArts. But for vertices we
would not need for the calculation of the narrow width approximation, we introduced dummy coupling
constants instead of the explicit structure of the vertex. Thus we show only the part of the model file,
which contains the full implementation. The model file is then given by

IndexRange[Index[Generation]]= Range[3];
IndexRange[Index[Colour]] = NoUnfold[Range[3]];
IndexRange[Index[Gluon]] = NoUnfold[Range[8]];
IndexRange[Index[KaluzaG]] = Range[1]

M$ClassesDescription = {

( * --------------------------------------------------- -----------------
FERMIONS
--------------------------------------------------- ----------------- * )

( * Quarks (u): I_3 = +1/2, Q = +2/3 * )
F[3] == {

SelfConjugate -> False,
Indices -> {Index[Generation], Index[Colour]},
Mass -> MassQU,
PropagatorLabel -> ComposedChar["u", Index[Generation] ],
PropagatorType -> Straight,
PropagatorArrow -> Forward },

( * Quarks (d): I_3 = -1/2, Q = -1/3 * )
F[4] == {

SelfConjugate -> False,
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Indices -> {Index[Generation], Index[Colour]},
Mass -> MassQD,
PropagatorLabel -> ComposedChar["d", Index[Generation] ],
PropagatorType -> Straight,
PropagatorArrow -> Forward },

( * --------------------------------------------------- -----------------
VECTORBOSONS
--------------------------------------------------- ----------------- * )

( * Gluons: Q = 0 * )
V[5] == {

SelfConjugate -> True,
Indices -> {Index[Gluon]},
Mass -> 0,
PropagatorLabel -> ComposedChar["g"],
PropagatorType -> Cycles,
PropagatorArrow -> None },

VV[1] == {
SelfConjugate -> True,
Indices -> {Index[Gluon],Index[KaluzaG]},
Mass -> MGluon,
PropagatorLabel -> ComposedChar["g","kk"Index[KaluzaG ]],
PropagatorType -> Cycles,
PropagatorArrow -> None },

( * --------------------------------------------------- -----------------
SCALARS
--------------------------------------------------- ----------------- * )

( * sGluino: Q = 0 * )
S[19] == {

SelfConjugate -> True,
Indices -> {Index[Gluon]},
Mass -> MSGluino,
PropagatorLabel ->

ComposedChar["\\Sigma"," ","SU(3)"],
PropagatorType -> ScalarDash,
PropagatorArrow -> None }

}

( * ------------------------ Masses --------------------- --- * )

MassQU[1] = MassU;
MassQU[2] = MassC;
MassQU[3] = MassT;
MassQD[1] = MassD;
MassQD[2] = MassS;
MassQD[3] = MassB;
MassQU[gen_, _] = MassQU[gen];
MassQD[gen_, _] = MassQD[gen]
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MSGluino[adjoint_] = MSGluino

M$CouplingMatrices = {

( * --------------------------------------------------- -----------------
Couplings from the GAUGE SUPERFIELDS
--------------------------------------------------- ------------------ * )

( * (1) SIGMA SIGMA GLUON * )
C[S[19,{ad1}],S[19,{ad2}],V[5,{ad3}]] ==

SUNF[ad1,ad2,ad3] g0EE {{1}},
C[S[19,{ad1}],S[19,{ad2}],VV[1,{ad3,k1}]] ==

SUNF[ad1,ad2,ad3] GluKEE[k1] {{1}},

( * (8) SIGMA SIGMA GLUON GLUON* )
C[S[19,{ad1}],S[19,{ad2}],V[5,{ad3}],V[5,{ad4}]] ==

- I g00EE (SUNF[ad1,ad3,ad4,ad2] + SUNF[ad2,ad3,ad4,ad1] ) {{1}},
C[S[19,{ad1}],S[19,{ad2}],V[5,{ad3}],VV[1,{ad4,k1}] ] ==

- I Glu2KEE[k1] (SUNF[ad1,ad3,ad4,ad2] + SUNF[ad2,ad3,ad 4,ad1]) {{1}},
C[S[19,{ad1}],S[19,{ad2}],VV[1,{ad3,k1}],VV[1,{ad4, k2}]] ==

- I Glu2KKEE[k1,k2] (SUNF[ad1,ad3,ad4,ad2] + SUNF[ad2,ad 3,ad4,ad1]) {{1}},

( * --------------------------------------------------- -----------------
Couplings from the INTERACTION WITH MATTER
--------------------------------------------------- ------------------ * )

( * (12) FERMION FERMION GLUON* )
C[F[3,{g1,c1}],-F[3,{g2,c2}],V[5,{ad1}]] ==

I gUUG IndexDelta[g1,g2] SUNT[ad1,c1,c2] {{1},{1}},
C[F[3,{g1,c1}],-F[3,{g2,c2}],VV[1,{ad1,k1}]] ==

I IndexDelta[g1,g2] SUNT[ad1,c1,c2] {{UUGKKL[g1]},{UUG KKR[g1]}},
C[F[4,{g1,c1}],-F[4,{g2,c2}],V[5,{ad1}]] ==

I gDDG IndexDelta[g1,g2] SUNT[ad1,c1,c2] {{1},{1}},
C[F[4,{g1,c1}],-F[4,{g2,c2}],VV[1,{ad1,k1}]] ==

I IndexDelta[g1,g2] SUNT[ad1,c1,c2] {{DDGKKL[g1]},{DDG KKR[g1]}},

( * (14) FERMION FERMION SIGMA * )
C[F[3,{g1,c1}],-F[3,{g2,c2}],S[19,{ad1}]] ==

I IndexDelta[g1,g2] UUE[g2] SUNT[ad1,c1,c2] {{1},{1}},
C[F[4,{g1,c1}],-F[4,{g2,c2}],S[19,{ad1}]] ==

I IndexDelta[g1,g2] DDE[g2] SUNT[ad1,c1,c2] {{1},{1}},

( * --------------------------------------------------- -----------------
Couplings from the W_{\alpha} W_{\alpha} TERM
--------------------------------------------------- ------------------ * )

( * (26) GLUON GLUON GLUON GLUON* )
C[V[5,{ad1}],V[5,{ad2}],V[5,{ad3}],V[5,{ad4}]] ==

- I g0000 * {{SUNF[ad1,ad3,ad2,ad4] - SUNF[ad1,ad4,ad3,ad2]},
{SUNF[ad1,ad2,ad3,ad4] + SUNF[ad1,ad4,ad3,ad2]},
{-SUNF[ad1,ad2,ad3,ad4] - SUNF[ad1,ad3,ad2,ad4]}},
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C[V[5,{ad1}],V[5,{ad2}],VV[1,{ad3,k1}],VV[1,{ad4,k2 }]] ==
- I Glu4KK[k1,k2] *
{{SUNF[ad1,ad3,ad2,ad4] - SUNF[ad1,ad4,ad3,ad2]},
{SUNF[ad1,ad2,ad3,ad4] + SUNF[ad1,ad4,ad3,ad2]},
{-SUNF[ad1,ad2,ad3,ad4] - SUNF[ad1,ad3,ad2,ad4]}},

C[V[5,{ad1}],VV[1,{ad2,k1}],VV[1,{ad3,k2}],VV[1,{ad 4,k3}]] ==
- I Glu4KKK[k1,k2,k3] *
{{SUNF[ad1,ad3,ad2,ad4] - SUNF[ad1,ad4,ad3,ad2]},
{SUNF[ad1,ad2,ad3,ad4] + SUNF[ad1,ad4,ad3,ad2]},
{-SUNF[ad1,ad2,ad3,ad4] - SUNF[ad1,ad3,ad2,ad4]}},

C[VV[1,{ad1,k1}],VV[1,{ad2,k2}],VV[1,{ad3,k3}],VV[1 ,{ad4,k4}]] ==
- I Glu4KKKK[k1,k2,k3,k4] *
{{SUNF[ad1,ad3,ad2,ad4] - SUNF[ad1,ad4,ad3,ad2]},
{SUNF[ad1,ad2,ad3,ad4] + SUNF[ad1,ad4,ad3,ad2]},
{-SUNF[ad1,ad2,ad3,ad4] - SUNF[ad1,ad3,ad2,ad4]}},

( * (27) GLUON GLUON GLUON* )
C[V[5,{ad1}],V[5,{ad2}],V[5,{ad3}]] ==

SUNF[ad1,ad2,ad3] g000 {{1}},
C[V[5,{ad1}],VV[1,{ad2,k1}],VV[1,{ad3,k2}]] ==

SUNF[ad1,ad2,ad3] Glu3KK[k1,k2] {{1}},
C[VV[1,{ad1,k1}],VV[1,{ad2,k2}],VV[1,{ad3,k3}]] ==

SUNF[ad1,ad2,ad3] Glu3KKK[k1,k2,k3] {{1}}
}
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Appendix D

Implementation of the Model in
O’Mega

The purpose of this chapter is to give schematic directions how to implement a new model in O’Mega.
Thus we do not explain the explicit structure of O’Mega but give only a short overview of how it works. In
the paper of Mauro Moretti, Thorsten Ohl and Jürgen Reuter more details about the structure of O’Mega
[16] can be found. O’Mega consists of a set of modules writtenin Objective Caml (Categorical Abstract
Machine Language) and some FORTRAN support libraries. Objective Caml is the most popular variant of
the Caml language developed since 1985 at INRIA by the Formeland Cristal teams. Further information
is available from the ocaml homepagehttp://caml.inria.fr/ . Most of the modules are of general
nature and therefore model independent, so that the main part of the work for implementing a new model
is creating the model file. To illustrate the implementationwe declare sometimes only the signature and
functionality of functions, to give a better understandingof the code and not to distract with programming
details. Note that we only implemented the particles and couplings we need for the2 → 4 cross section
discussed in this thesis. A full implementation of the modelis a subject of further study and is beyond the
scope of this work. On compiling O’Mega, an executablef90 nameofthemodel.opt is generated
for every model. Executingf90 nameofthemodel.opt then produces fortran code of the scattering
amplitude. The input line for a2 → 2 process would be look like this

./f90_nameofthemodel.opt -scatter "particle1_in partic le2_in ->
particle1_out particle2_out" > scattering_amplitude.f9 0

wherescattering amplitude.f90 is the output file which contains the fortran code of the scatter-
ing amplitude. To produce code compliant with the FORTRAN 90standard we have to ensure that the
identifiers of the particles, couplings, masses etc. are FORTRAN 90 compliant. To achieve this we have to
define several functions. This is done at the end of this chapter.

Now we want to start with the implementation of the model in O’Mega. Therefore we have to create first a
file f90 nameofthemodel.ml which contains the following code

module O = Omega.Make (Fusion.Mixed23 ) (Targets .Fortran) (ModelsX .Nameofthemodel )

let = O .main ()

This calls of a functor which maps three modules to one and subsequently calls the main code. Since the
model files of all implemented models are denoted bymodelsX.ml , whereX is an integer, we will adopt
this convention. Second we need a filemodelsX.mli which contains

module Nameofthemodel : Model .T

Last we have to do add inMakefile.src in line 109
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PROGRAMS_unreleased += f90_nameofthemodel

to ensure that the implemented model will be compiled. Afterthis modifications in O’Mega we can apply
ourselves to the creation of the model filemodelsX.ml , which will be discussed below.

First we define some code which contains general information. rcs file would be filled in by Subversion
(SVN), which is a version control system.

let rcs file = RCS .parse "warped5DSUSY" ["Warped 5D Higgsless SUSY model" ]
{ RCS .revision = "$Revision: alpha$" ; RCS .date = "$Date: 07.01.08$" ;

RCS .author = "$Author: Laslo Reichert$" ;
RCS .source = "$Source: /home/laslo/omega/src/models5.ml$" }

The next two lines are the Caml syntax for starting a module.

module Warped5Dsusy =
struct

To save the trouble of prefixing all members of the O’Mega coupling library with “Coupling .” we make it
available with

open Coupling

The width of all particles is chosen timelike. This means that the width only appears inS-channel propa-
gators.

let width = Timelike

let default width = ref Timelike

options is a command line interface for changing the width treatment.

let options = Options .create [
"constant width" , Arg.Unit (fun → default width := Constant),

"use constant width (also in t-channel)" ;
"custom width" , Arg.String (fun x → default width := Custom x ),

"use custom width" ;
"cancel widths" , Arg.Unit (fun → default width := Vanishing),

"use vanishing width" ]

Next we declare the indices we need to specify the particles we want to implement.generation is the
index for the three generations in the standard model,csign differentiates between particle and anti-particle,
isospin denotes the up and down type fermions,color the color flow index andkkmode is the Kaluza-Klein
index.

type generation = Gen0 | Gen1 | Gen2

type csign = Pos | Neg

type isospin = Iso up | Iso down

type color = Q of int
type kkmode = Kal0 | Kal1

Now we are ready to define the particle content. The Fermions are separated into two main classes, the
quarks and leptons. Each of them have the indices we know fromthe standard model. The gauge bosons are
the PhotonA, theW -BosonW , theZ-BosonZ , the Gluon and its first Kaluza-Klein excitationGluonKK .
Note that the Gluon is defined in the color flow representationand thus has two color indices. The color
indices of the gluon are not the indices in the bifundamentalrepresentation but denote color flows. As
discussed in 6.2.1 we have to introduce an auxiliary fieldGluonAuxiliary . Last we have to define the
sgluino denoted bySigma and for the same reason as in the case of the gluon, we have to introduce its
auxiliary fieldSigmaAuxiliary .
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type fermion =
| Lepton of (csign × generation × isospin)
| Quark of (csign × generation × isospin × color )

type gauge boson =
| A

| W of csign

| Z

| GluonKK of (kkmode × color × color )
| GluonAuxiliary of kkmode

type scalar =
| Sigma of (color × color )
| SigmaAuxiliary

The typeflavor is required by the signature of O’Mega and contains of the three flavorsFermion , Gauge Boson

andScalar

type flavor =
| Fermion of fermion

| Gauge Boson of gauge boson

| Scalar of scalar

The functionsflavor of f , flavor of g andflavor of s map a particle to the correspondingflavor
type.

let flavor of f x = Fermion x

let flavor of g x = Gauge Boson x

let flavor of s x = Scalar x

The functionsint of csign , int of gen andint of kk map the typescsign, generation andkkmode

to integers

let int of csign = function Pos → 1 | Neg → − 1
let int of gen = function Gen0 → 1 | Gen1 → 2 | Gen2 → 3
let int of kk = function Kal0 → 0 | Kal1 → 1

int to kk is the inverse function toint of kk

let int to kk = function
0→ Kal0 | 1 → Kal1 | → failwith "int to kk: invalid argument"

The functionsfun to 6tupel andfun to 8tupel apply a functionfuns to all members of an 6- and 8-tupel,
respectively.

let fun to 6tupel funs = function (c1 , c2 , c3 , c4 , c5 , c6 ) →
(funs c1 , funs c2 , funs c3 , funs c4 , funs c5 , funs c6 )

let fun to 8tupel funs = function (c1 , c2 , c3 , c4 , c5 , c6 , c7 , c8 ) →
(funs c1 , funs c2 , funs c3 , funs c4 , funs c5 , funs c6 , funs c7 , funs c8 )

In the next part of the implementation we define essential functions and lists for the color implementation.
The number of possible color flowsncf for cross sections with gluons and quarks in the initial and final
state is

ncf = ng +
1

2
nq +

1

2
nq̄ , (D.1)

whereng is the number of external gluons andnq andnq̄ are the number of external quarks and anti-
quarks, respectively. Thus in the case of two external gluons and four external quarks it is sufficient to set
the maximal number of color flowsnc to
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let nc = 4

The typecol3 andcol4 we need later to define functions for permuting color flow indices.

type col3 = Col31 | Col32 | Col33

type col4 = Col41 | Col42 | Col43 | Col44

The functionnc list maps a integer to a list which contains all integers up to the given one (e.g.nc list 4 = [1; 2; 3; 4])

let nc list = ThoList .range 1 nc

The functionchoose2 maps a list to the list of all ordered 2-tuples that can be built from its members
(e.g.choose2 [1; 2; 3] = [(1, 2); (1, 3); (2, 3)])

let choose2 set =
List .map (function [x ; y ] → (x , y) | → failwith "choose2" )

(Combinatorics .choose 2 set)

inequ pairs is a list of all possible 2-tuples, which can be created fromnc list . (e.g. fornc list = [1; 2; 3]
inequ pairs reads[(1, 2); (1, 3); (2, 3); (2, 1); (3, 1); (3, 2)])

let inequ pairs =
choose2 nc list @ choose2 (List .rev nc list)

triple col is a list of all ordered 3-tuples, which can be created fromnc list (e.g. fornc list = [1; 2; 3; 4]
triple col reads[(1, 2, 3); (1, 2, 4); (1, 3, 4); (2, 3, 4)])

let triple col =
List .map (function [x ; y ; z ] → (x , y , z ) | →

failwith "triple col" ) (Combinatorics .choose 3 nc list)

quartic col is a list of all ordered 4-tuples, which can be created fromnc list (e.g. fornc list = [1; 2; 3; 4]
quartic col reads[(1, 2, 3, 4)])

let quartic col =
List .map (function [r ; s; t ; u] → (r , s , t , u) | →

failwith "quartic col" ) (Combinatorics .choose 4 nc list)

The functioncolor returns the representation of the color group under which the particle transforms.

let color = function
| Fermion (Quark (Pos , , , )) → Color .SUN 3
| Fermion (Quark (Neg , , , )) → Color .SUN (−3)
| Gauge Boson (GluonKK ( , , )) → Color .AdjSUN 3
| Scalar (Sigma ( , )) → Color .AdjSUN 3
| → Color .Singlet

The functioncolsymm is implemented for future features of O’Mega and unused at the moment.

let colsymm = function
| Fermion f → begin match f with
| Quark (Pos , gen, Iso down , ) → (int of gen gen ,true), (0,false)
| Quark (Neg , gen, Iso down , ) → (−(int of gen gen),true), (0,false)
| Quark (Pos , gen, Iso up, ) → ((int of gen gen) + 3,true), (0,false)
| Quark (Neg , gen, Iso up, ) → (−(int of gen gen) − 3,true), (0,false)
| → (0, false), (0, false)
end
| Gauge Boson f → begin match f with
| GluonKK (Kal0 , , ) → (7,true), (0,false)
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| GluonKK (Kal1 , , ) → (8,true), (0,false)
| GluonAuxiliary (Kal0 ) → (7,true), (7,true)
| GluonAuxiliary (Kal1 ) → (8,true), (8,true)
| → (0,false), (0, false)
end
| Scalar f → begin match f with
| Sigma ( , ) → (9,true), (0,false)
| SigmaAuxiliary → (9,true), (9,true)
end

In the next part we discuss the implementation of the vertices. To implement the correct color structure
we introduce several definitions, which are especially important for the implementation of the couplings
of the gluons to the sgluinos and the gluon self-interactions. The implementation of these couplings will
be therefore the main part of the following discussion. All other vertices are already implemented in other
models in a very similar way and thus will be not discussed here in detail. To understand why we need
these definitions we have to delve deeper into the inner working of O’Mega. From the definitions of the
couplings in the model file, O’Mega obtains the information about the color and Lorentz structure. The
coupling contains not the whole vertex structure but the minimal architecture which O’Mega needs to
rebuild it. In the case of the four gluon vertex it means, thatonly the first term of the sum (see Fig. 6.14)

i
g2

2
(2gµ1µ3gµ2µ4 − gµ1µ2gµ3µ4 − gµ1µ4gµ2µ3) δi1

j2
δi2
j3

δi3
j4

δi4
j1

(D.2)

is implemented. As mentioned in Sec. 6.2.2 the colored particles do not carry bifundamental indices but
are distinguished by the possible color flows. Thus every particle has a tupel of two color flows. When
the gluons of the vertex are identical O’Mega permutes the color tuples of the four particles with respect
to the correct permutation of the Lorentz structure and thereby gets the whole vertex. O’Mega only per-
mutes the indices of identical particles. Thus in the case ofnon identical particles we have to declare the
missing permutations explicitly. We will illustrate this for the quartic coupling of two massless and two
heavy gluons. Imagine four distinguishable particles. Therefore you have4! = 24 possibilities to arrange
them. If the four particles are two equal pairs the permutations reduce by an factor2!2! = 4 and you end
up with 6 possible configurations of the four particles. These are thesix color configurations you have to
put in by hand. Note that we have to care about the Lorentz structure of the vertex and have to adapt it
if necessary. In the case of the trilinear coupling of two heavy gluons to one massless gluon it remains3
possible permutations out of6. The discussion above also covers the cases of all other couplings of gluons
and sgluinos, which we therefore won’t discuss any further.

First of all we have to ensure that the numbering of the particles concerning to the color indices is irrelevant.
Therefore we define the following color lists which containsthe possible permutations of the same color
flow. This is illustrated in Fig. D.1 and D.2.

let list col3 equal = [(Col31 , Col33 , Col32 , Col31 , Col33 , Col32 );
(Col31 , Col32 , Col33 , Col31 , Col32 , Col33 )]

let list col4 equal = [(Col41 , Col44 , Col42 , Col41 , Col43 , Col42 , Col44 , Col43 );
(Col41 , Col44 , Col43 , Col41 , Col42 , Col43 , Col44 , Col42 );
(Col41 , Col43 , Col44 , Col41 , Col42 , Col44 , Col43 , Col42 );
(Col41 , Col42 , Col44 , Col41 , Col43 , Col44 , Col42 , Col43 );
(Col41 , Col43 , Col42 , Col41 , Col44 , Col42 , Col43 , Col44 );
(Col41 , Col42 , Col43 , Col41 , Col44 , Col43 , Col42 , Col44 )]

Next we define the functions to get the permutations we have toput in by hand. In the case of the trilinear
coupling the3 missing arrangements can be constructed by the3 cyclic permutations. This will be done by
the functioncol3 cyclic.
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c3 c2

Figure D.1: All possible permutations of the same color flow for a trilinear coupling of three particles in
the3 × 3 color flow representation.
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Figure D.2: All possible permutations of the same color flow for a quartic coupling of four particles in the
3 × 3 color flow representation.
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c4
c3

c2
c3

c1
c4 c2

c1

→

c1
c4
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c3

c4
c3 c2

c1

Figure D.3: Permutation of the first and the fourth color flow tupel.
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c4
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c2
c1

c1
c4 c2

c3

Figure D.4: Permutation of the second and the third color flowtupel.

let col3 cyclic =
let col3 cyclic′ = function Col31 → Col32 | Col32 → Col33 | Col33 → Col31

in function (c1 , c2 , c3 , c4 , c5 , c6 ) →
(col3 cyclic′ c1 , col3 cyclic′ c2 , col3 cyclic′ c3 ,
col3 cyclic′ c4 , col3 cyclic′ c5 , col3 cyclic′ c6 )

In the case of the quartic coupling we have to do the4 cyclic permutations and two anticyclic permutations.
col4 cyclic performs the cyclic permutations.col4 permute1 exchanges the second and the third particle
andcol4 permute2 exchanges the first and the fourth particle. Cyclic permutations do not change the
color flow and thus we do not have to care about adapting the Lorentz structure. But the permutations
of col4 permute1 andcol4 permute2 change the color flow shown in Fig. D.3 and D.4. This has to be
taken into account by implementing these couplings.

let col4 cyclic =
let col4 cyclic′ = function

Col41 → Col42 | Col42 → Col43 | Col43 → Col44 | Col44 → Col41

in function (c1 , c2 , c3 , c4 , c5 , c6 , c7 , c8 ) →
(col4 cyclic′ c1 , col4 cyclic′ c2 , col4 cyclic′ c3 , col4 cyclic′ c4 ,
col4 cyclic′ c5 , col4 cyclic′ c6 , col4 cyclic′ c7 , col4 cyclic′ c8 )

let col4 permute1 = function (c1 , c2 , c3 , c4 , c5 , c6 , c7 , c8 ) →
(c1 , c2 , c5 , c6 , c3 , c4 , c7 , c8 )

let col4 permute2 = function (c1 , c2 , c3 , c4 , c5 , c6 , c7 , c8 ) →
(c7 , c8 , c3 , c4 , c5 , c6 , c1 , c2 )

Now we can construct the color lists we need for the implementation of the couplings, applying the func-
tions, defined above to the color listslist col3 equal andlist col4 equal .

let list col3 unequal =
let list1 = list col3 equal

in let list2 = List .map col3 cyclic list1

in let list3 = List .map col3 cyclic list2

in list1 @ list2 @ list3
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let list col4 unequal cyc =
let list cyc1 = list col4 equal

in let list cyc2 = List .map col4 cyclic list cyc1

in let list cyc3 = List .map col4 cyclic list cyc2

in let list cyc4 = List .map col4 cyclic list cyc3

in list cyc1 @ list cyc2 @ list cyc3 @ list cyc4

let list col4 unequal per =
let list per1 = List .map col4 permute1 list col4 equal

in let list per2 = List .map col4 permute2 list col4 equal

in list per1 @ list per2

let list col4 unequal = list col4 unequal cyc @ list col4 unequal per

In the next part of the implementation we define lists of tuples of Kaluza-Klein indices, which are needed
for a compact definition of the couplings.

let kk1 list string =
[Kal0 ; Kal1 ]

let kk2 list string =
[(Kal0 , Kal0 ); (Kal1 , Kal1 )]

let kk3gluonEqual list string =
[(Kal0 , Kal0 , Kal0 ); (Kal1 , Kal1 , Kal1 )]

let kk3gluonUnequal list string =
[(Kal0 , Kal0 , Kal1 ); (Kal0 , Kal1 , Kal1 )]

let kk4gluonEqual list string =
[(Kal0 , Kal0 , Kal0 , Kal0 ); (Kal1 , Kal1 , Kal1 , Kal1 )]
let kk4gluonUnequal1 list string =
[(Kal0 , Kal0 , Kal0 , Kal1 ); (Kal0 , Kal0 , Kal1 , Kal1 ); (Kal0 , Kal1 , Kal1 , Kal1 )]

let kk4gluonUnequal2 list string =
[(Kal0 , Kal0 , Kal1 , Kal1 )]

To loop over the particle indices we define functions mappingto the type variablesLepton , Quark , A, W ,
Z , GluonKK , GluonAuxiliary andSigma .

let lepton cs gen iso = Lepton (cs , gen , iso)
let quark cs gen iso col = Quark (cs , gen, iso, col)
let a = A

let w cs = W cs

let z = Z

let gluonKK kk col col = GluonKK (kk , col , col)
let gluonAuxKK kk = GluonAuxiliary kk

let sigma col col = Sigma (col , col)

Theloop-functions will be used later to loop over the particle indices.

let revmap funs v = List .map (fun x → x v) funs

let revmap2 funs values = ThoList .flatmap (revmap funs) values

let loop cs flist = revmap2 flist [Pos ; Neg]
let loop gen flist = revmap2 flist [Gen0 ; Gen1 ; Gen2 ]
let loop iso flist = revmap2 flist [Iso up; Iso down ]
let loop kk flist = revmap2 flist [Kal0 ; Kal1 ]

The typegauge is required by signature and is in our case chosen to the dummyvariableunit. The gauge
is implemented manifest in the unitarity gauge (ξ → ∞), through the definitions of the propagators.

type gauge = unit
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let gauge symbol () = failwith "Models.warped5DSUSY.gauge symbol: internal error"

Since we have chosen the unitary gauge there are no goldstonebosons

let goldstone x = None

Thepdg function assigns every particle its pdg number. The function lorentz returns the Lorentz structure
and propagator the propagator of the particle.conjugate maps the particle to its complex conjugate.
fermion returns1 for fermions−1 for antifermions and0 for bosons. The assignments are shown in Tab.
D.1 and D.2.

let pdg =
var → int

let lorentz =
var → var

let propagator =
var → var

let conjugate =
var → var

let fermion =
var → int

Next we define the coupling constants.

type constant =
| G 3gluonKK of (kkmode × kkmode × kkmode)
| G 4gluonKK of (kkmode × kkmode × kkmode × kkmode)
| G 2sigma gluonKK of kkmode

| G 2sigma 2gluonKK cyc of (kkmode × kkmode)
| G 2sigma 2gluonKK per of (kkmode × kkmode)
| G sigma 2quark of (generation × isospin)
| G sigmaAux 2quark of (generation × isospin)
| G a 2quark of isospin

| G w 2quark

| G z 2quark of (generation × isospin)
| G gluonKK 2quark of (generation × isospin × kkmode)
| G gluonAux 2quark of (generation × isospin × kkmode)

Afterwards we rewrite the coupling constants as functions

let g 3gluonKK (kk1 , kk2 , kk3 ) = G 3gluonKK (kk1 , kk2 , kk3 )
let g 4gluonKK (kk1 , kk2 , kk3 , kk4 ) = G 4gluonKK (kk1 , kk2 , kk3 , kk4 )
let g 2sigma gluonKK kk = G 2sigma gluonKK kk

let g 2sigma 2gluonKK cyc (kk1 , kk2 ) = G 2sigma 2gluonKK cyc (kk1 , kk2 )
let g 2sigma 2gluonKK per (kk1 , kk2 ) = G 2sigma 2gluonKK per (kk1 , kk2 )
let g sigma 2quark gen iso = G sigma 2quark (gen , iso)
let g sigmaAux 2quark gen iso = G sigmaAux 2quark (gen , iso)
let g a 2quark iso = G a 2quark iso

let g w 2quark = G w 2quark

let g z 2quark gen iso = G z 2quark (gen, iso)
let g gluonKK 2quark gen iso kk = G gluonKK 2quark (gen , iso, kk)
let g gluonAux 2quark gen iso kk = G gluonKK 2quark (gen , iso, kk)

to constructlist couplings which is a list of all coupling constants.
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pdg lorentz propagator conjugate

e− 12 Spinor Prop Spinor e+

e+ −12 ConjSpinor Prop ConjSpinor e−

νe 11 Spinor Prop Spinor ν̄e

ν̄e −11 ConjSpinor Prop ConjSpinor νe

µ− 14 Spinor Prop Spinor µ+

µ+ −14 ConjSpinor Prop ConjSpinor µ−

νµ 13 Spinor Prop Spinor ν̄µ

ν̄µ −13 ConjSpinor Prop ConjSpinor νµ

τ− 16 Spinor Prop Spinor τ+

τ+ −16 ConjSpinor Prop ConjSpinor τ−

ντ 15 Spinor Prop Spinor ν̄τ

ν̄τ −15 ConjSpinor Prop ConjSpinor ντ

u 2 Spinor Prop Spinor ū

ū −2 ConjSpinor Prop ConjSpinor u

d 1 Spinor Prop Spinor d̄

d̄ −1 ConjSpinor Prop ConjSpinor d

c 4 Spinor Prop Spinor c̄

c̄ −4 ConjSpinor Prop ConjSpinor c

s 3 Spinor Prop Spinor s̄

s̄ −3 ConjSpinor Prop ConjSpinor s

t 6 Spinor Prop Spinor t̄

t̄ −6 ConjSpinor Prop ConjSpinor t

b 5 Spinor Prop Spinor b̄

b̄ −5 ConjSpinor Prop ConjSpinor b

Table D.1: Functionality of the functionspdg , lorentz , propagator andconjugate for fermions.
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pdg lorentz propagator conjugate

A 22 Vector Prop Feynman A

Z 23 MassiveVector Prop Unitarity Z

W+ 24 MassiveVector Prop Unitarity W−

W− −24 MassiveVector Prop Unitarity W+

g(c1, c2) 21 Vector Prop Feynman g(−c1,−c2)

gaux 21 Vector Prop Col Feynman gaux

g1(c1, c2) 9925 MassiveVector Prop Unitarity g1(−c1,−c2)

g1,aux 9925 MassiveVector Prop Col Unitarity g1,aux

Σ(c1, c2) 9931 Scalar Prop Scalar Σ(−c1,−c2)

Σaux 9931 Scalar Prop Col Scalar Σaux

Table D.2: Functionality of the functionspdg , lorentz , propagator andconjugate for bosons.c1 andc2
denote the color indices of the gluons and sgluinos.

let list couplings = (List .map g 3gluonKK kk3 list string) @
(List .map g 4gluonKK kk4 list string) @
(List .map g 2sigma gluonKK kk1 list string) @
(List .map g 2sigma 2gluonKK cyc kk2 list string) @
(List .map g 2sigma 2gluonKK per kk2 list string) @
(loop iso (loop gen [g sigma 2quark ])) @
(loop iso (loop gen [g sigmaAux 2quark ])) @
(loop iso [g a 2quark ]) @
[g w 2quark ] @
(loop iso (loop gen [g z 2quark ])) @
(revmap2 (loop iso (loop gen [g gluonKK 2quark ])) kk1 list string) @
(revmap2 (loop iso (loop gen [g gluonAux 2quark ])) kk1 list string)

max degree is the maximal degree of the vertices.

let max degree () = 4

In the next part of the implementation we will define the vertices.

let gauge4 = Vector4 [(2, C 13 42 ); (−1, C 12 34 ); (−1, C 14 23 )]
let gauge4 per = Vector4 [(2, C 12 34 ); (−1, C 14 23 ); (−1, C 13 42 )]

gauge4 is an abbreviation for the following Lorentz structure

2 gµ1µ3gµ4µ2 − gµ1µ2gµ3µ4 − gµ1µ4gµ2µ3 (D.3)

andgauge4 per is equal to

2 gµ1µ2gµ3µ4 − gµ1µ3gµ2µ4 − gµ1µ4gµ2µ3 (D.4)

They will be used for the definition of the four gluon vertex. We will illustrate the explicit implementation
of the vertices on the basis of the three gluon vertex. The remaining vertices are implemented in the
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same way and thus will be only shown without further explanation. First we define an auxiliary function
h 3gluonKK to write the proper vertex function more compact. To avoid the explicit definition of all
possible trilinear gluon interactions we define the vertex as a function of Kaluza-Klein and color variables.
This function is denoted byv 3gluonKK ′ and looks like

v 3gluonKK ′ (c1a, c1b, c2a, c2b, c3a, c3b) (kk1 , kk2 , kk3 ) =
[ (((Gauge Boson (GluonKK kk1 , Q c1a, Q (−c1b)),
(Gauge Boson (GluonKK kk2 , Q c2a, Q (−c2b)),
(Gauge Boson (GluonKK kk3 , Q c3a , Q (−c3b))),
Gauge Gauge Gauge 1, G 3gluonKK (kk1 , kk2 , kk3 )) ]

Note that we already execute the auxiliary functionh 3gluonKK . v 3gluonKK ′ is a list which contains
a 5-tuple of the three particles the Lorentz structure and coupling constant. Now we have to saturate the
Kaluza Klein and color variables to all possible values and write each saturation in a separate 5-tuple of the
list. This is done by mappingv 3gluonKK ′ to the listslist col3 equal ′, kk3gluonEqual list string ′,
list col3 equal ′ andtriple col . The vertex list then reads

vertex 3gluonKK equal ′ =
[ (((Gauge Boson (GluonKK Kal0 , Q 1 , Q (−3 )),
(Gauge Boson (GluonKK Kal0 , Q 2 , Q (−1 )),
(Gauge Boson (GluonKK Kal0 , Q 3 , Q (−2 ))),
Gauge Gauge Gauge 1, G 3gluonKK (0 , 0 , 0 )) ]
[ (((Gauge Boson (GluonKK Kal1 , Q 1 , Q (−3 )),
(Gauge Boson (GluonKK Kal1 , Q 2 , Q (−1 )),
(Gauge Boson (GluonKK Kal1 , Q 3 , Q (−2 ))),
Gauge Gauge Gauge 1, G 3gluonKK (1 , 1 , 1 )), ...]

Note that we separated the vertices with the same Kaluza-Klein index and those with different one. We
will see later that in the case of the quartic coupling of the gluons to the sgluinos and the quartic gluon self-
interaction we need this separation to pass different Lorentz structures and coupling constants, for reasons
we already discussed some pages before. The full implementation of the three gluon vertex is

let h 3gluonKK ((g1 , g2 , g3 ), t , c) =
((Gauge Boson (GluonKK g1 ), Gauge Boson (GluonKK g2 ),

Gauge Boson (GluonKK g3 )), t , c)

let v 3gluonKK equal (c1 , c2 , c3 ) =
let substitute = function

Col31 → c1 | Col32 → c2 | Col33 → c3

in let list col3 equal ′ =
List .map (fun to 6tupel substitute) list col3 equal

in let v 3gluonKK ′ (c1a, c1b, c2a, c2b, c3a , c3b) (kk1 , kk2 , kk3 ) =
List .map h 3gluonKK

[ (((kk1 , Q c1a, Q (−c1b)), (kk2 , Q c2a , Q (−c2b)), (kk3 , Q c3a, Q (−c3b))),
Gauge Gauge Gauge 1, G 3gluonKK (kk1 , kk2 , kk3 )) ]

in let v 3gluonKK ′′ = List .map v 3gluonKK ′ list col3 equal ′

in revmap2 v 3gluonKK ′′ kk3gluonEqual list string

let v 3gluonKK unequal (c1 , c2 , c3 ) =
let substitute = function

Col31 → c1 | Col32 → c2 | Col33 → c3

in let list col3 unequal ′ =
List .map (fun to 6tupel substitute) list col3 unequal

in let v 3gluonKK ′ (c1a, c1b, c2a, c2b, c3a , c3b) (kk1 , kk2 , kk3 ) =
List .map h 3gluonKK

[ (((kk1 , Q c1a, Q (−c1b)), (kk2 , Q c2a , Q (−c2b)), (kk3 , Q c3a , Q (−c3b))),
Gauge Gauge Gauge 1, G 3gluonKK (kk1 , kk2 , kk3 )) ]
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in let v 3gluonKK ′′ = List .map v 3gluonKK ′ list col3 unequal ′

in revmap2 v 3gluonKK ′′ kk3gluonUnequal list string

let vertex 3gluonKK unequal =
List .flatten (ThoList .flatmap v 3gluonKK unequal triple col)

let vertex 3gluonKK equal =
List .flatten (ThoList .flatmap v 3gluonKK equal triple col)

Next we discuss the implementation of the coupling of four gluons (gkgkgkgk). The coupling is separated
into three partsv 4gluonKK equal , v 4gluonKK unequal cyc andv 4gluonKK unequal per . The
first part is for four identical Kaluza-Klein gluons and can therefore be matched with the Lorentz structure
gauge4 . As discussed above we have to implement six additional color flows in the case of two massless
gluons and two heavy gluons and four additional color flows inthe case of three heavy gluons and one
massless gluon or one heavy gluon and three massless gluons.In the case of three identical Kaluza-Klein
gluons the additional colorflows are the four cyclic permutations of the four color flow tuples and therefore
have the Lorentz structuregauge4 . The four cyclic permutations of the coupling with two identical Kaluza
Klein gluons, respectively have also the Lorentz structuregauge4 . The cyclic permutations are realized in
the vertex functionv 4gluonKK unequal cyc. In the case of the two non-cyclic permutations we have
to adapt the Lorentz structure byv 4gluonKK unequal per .

let h 4gluonKK ((g1 , g2 , g3 , g4 ), t , c) =
((Gauge Boson (GluonKK g1 ), Gauge Boson (GluonKK g2 ),

Gauge Boson (GluonKK g3 ), Gauge Boson (GluonKK g4 )), t , c)

let v 4gluonKK equal (c1 , c2 , c3 , c4 ) =
let substitute = function

Col41 → c1 | Col42 → c2 | Col43 → c3 | Col44 → c4

in let list col4 equal ′ =
List .map (fun to 8tupel substitute) list col4 equal

in let v 4gluonKK ′

(c1a , c1b, c2a , c2b, c3a, c3b, c4a, c4b) (kk1 , kk2 , kk3 , kk4 ) =
List .map h 4gluonKK

[ (((kk1 , Q c1a, Q (−c1b)), (kk2 , Q c2a , Q (−c2b)), (kk3 , Q c3a , Q (−c3b)),
(kk4 , Q c4a , Q (−c4b))), gauge4 , G 4gluonKK (kk1 , kk2 , kk3 , kk4 )) ]

in let v 4gluonKK ′′ = List .map v 4gluonKK ′ list col4 equal ′

in revmap2 v 4gluonKK ′′ kk4gluonEqual list string

let v 4gluonKK unequal cyc (c1 , c2 , c3 , c4 ) =
let substitute = function

Col41 → c1 | Col42 → c2 | Col43 → c3 | Col44 → c4

in let list col4 unequal cyc′ =
List .map (fun to 8tupel substitute) list col4 unequal cyc

in let v 4gluonKK ′

(c1a , c1b, c2a , c2b, c3a, c3b, c4a, c4b) (kk1 , kk2 , kk3 , kk4 ) =
List .map h 4gluonKK

[ (((kk1 , Q c1a, Q (−c1b)), (kk2 , Q c2a , Q (−c2b)), (kk3 , Q c3a , Q (−c3b)),
(kk4 , Q c4a , Q (−c4b))), gauge4 , G 4gluonKK (kk1 , kk2 , kk3 , kk4 )) ]

in let v 4gluonKK ′′ = List .map v 4gluonKK ′ list col4 unequal cyc′

in revmap2 v 4gluonKK ′′ kk4gluonUnequal1 list string

let v 4gluonKK unequal per (c1 , c2 , c3 , c4 ) =
let substitute = function

Col41 → c1 | Col42 → c2 | Col43 → c3 | Col44 → c4

in let list col4 unequal per ′ =
List .map (fun to 8tupel substitute) list col4 unequal per

in let v 4gluonKK ′

(c1a , c1b, c2a , c2b, c3a, c3b, c4a, c4b) (kk1 , kk2 , kk3 , kk4 ) =
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List .map h 4gluonKK

[ (((kk1 , Q c1a, Q (−c1b)), (kk2 , Q c2a , Q (−c2b)), (kk3 , Q c3a, Q (−c3b)),
(kk4 , Q c4a , Q (−c4b))), gauge4 per , G 4gluonKK (kk1 , kk2 , kk3 , kk4 )) ]

in let v 4gluonKK ′′ = List .map v 4gluonKK ′ list col4 unequal per ′

in revmap2 v 4gluonKK ′′ kk4gluonUnequal2 list string

let vertex 4gluonKK equal =
List .flatten (ThoList .flatmap v 4gluonKK equal quartic col)

let vertex 4gluonKK unequal cyc =
List .flatten (ThoList .flatmap v 4gluonKK unequal cyc quartic col)

let vertex 4gluonKK unequal per =
List .flatten (ThoList .flatmap v 4gluonKK unequal per quartic col)

Coupling of two sgluinos to the gluon (ΣΣgk)

let h 2sigma gluonKK ((g1 , g2 , g3 ), t , c) =
((Gauge Boson (GluonKK g1 ), Scalar (Sigma g2 ), Scalar (Sigma g3 )), t , c)

let v 2sigma gluonKK (c1 , c2 , c3 ) =
let substitute = function

Col31 → c1 | Col32 → c2 | Col33 → c3

in let list col3 unequal ′ =
List .map (fun to 6tupel substitute) list col3 unequal

in let v 2sigma gluonKK ′ (c1a , c1b, c2a , c2b, c3a , c3b) kk1 =
List .map h 2sigma gluonKK

[ (((kk1 , Q c1a, Q (−c1b)), (Q c2a, Q (−c2b)), (Q c3a, Q (−c3b))),
Vector Scalar Scalar 1, G 2sigma gluonKK kk1 ) ]

in let v 2sigma gluonKK ′′ = List .map v 2sigma gluonKK ′ list col3 unequal ′

in revmap2 v 2sigma gluonKK ′′ kk1 list string

let vertex 2sigma gluonKK =
List .flatten (ThoList .flatmap v 2sigma gluonKK triple col)

Coupling of two sgluinos to two gluons (ΣΣgkgk). The vertex structure of the coupling of two sgluinos to
two gluons is (see Sec. 6.2.1)
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(D.5)

We find that the two non-cyclic permutations of the color flow get an additional factor−2. Therefore we
split the coupling into two partsv 2sigma 2gluonKK cyc andv 2sigma 2gluonKK per and introduce
for each vertex function a separate coupling constantG 2sigma 2gluonKK cyc andG 2sigma 2gluonKK per .
The Lorentz structure of the vertex is symmetric under the exchange of the gluons and therefore we do not
have to take care of it. Note that we only implement the coupling of either two massive or two massless
gluons to two sgluinos.

let h 2sigma 2gluonKK ((g1 , g2 , g3 , g4 ), t , c) =
((Gauge Boson (GluonKK g1 ), Gauge Boson (GluonKK g2 ),

Scalar (Sigma g3 ), Scalar (Sigma g4 )), t , c)

let v 2sigma 2gluonKK cyc (c1 , c2 , c3 , c4 ) =
let substitute = function

Col41 → c1 | Col42 → c2 | Col43 → c3 | Col44 → c4

in let list col4 unequal cyc′ =
List .map (fun to 8tupel substitute) list col4 unequal cyc

in let v 2sigma 2gluonKK ′

(c1a , c1b, c2a , c2b, c3a, c3b, c4a, c4b) (kk1 , kk2 ) =
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List .map h 2sigma 2gluonKK

[ (((kk1 , Q c1a , Q (−c1b)), (kk2 , Q c2a, Q (−c2b)),
(Q c3a , Q (−c3b)), (Q c4a, Q (−c4b))),
Scalar2 Vector2 1, G 2sigma 2gluonKK cyc (kk1 , kk2 )) ]

in let v 2sigma 2gluonKK ′′ =
List .map v 2sigma 2gluonKK ′ list col4 unequal cyc

in revmap2 v 2sigma 2gluonKK ′′ kk2 list string

let v 2sigma 2gluonKK per (c1 , c2 , c3 , c4 ) =
let substitute = function

Col41 → c1 | Col42 → c2 | Col43 → c3 | Col44 → c4

in let list col4 unequal per ′ =
List .map (fun to 8tupel substitute) list col4 unequal per

in let v 2sigma 2gluonKK ′

(c1a , c1b, c2a , c2b, c3a, c3b, c4a, c4b) (kk1 , kk2 ) =
List .map h 2sigma 2gluonKK

[ (((kk1 , Q c1a, Q (−c1b)), (kk2 , Q c2a , Q (−c2b)),
(Q c3a, Q (−c3b)), (Q c4a, Q (−c4b))),
Scalar2 Vector2 1, G 2sigma 2gluonKK per (kk1 , kk2 )) ]

in let v 2sigma 2gluonKK ′′ =
List .map v 2sigma 2gluonKK ′ list col4 unequal per ′

in revmap2 v 2sigma 2gluonKK ′′ kk2 list string

let vertex 2sigma 2gluonKK cyc =
List .flatten (ThoList .flatmap v 2sigma 2gluonKK cyc quartic col)

let vertex 2sigma 2gluonKK per =
List .flatten (ThoList .flatmap v 2sigma 2gluonKK per quartic col)

Coupling of the quarks to the sgluino (Σqq̄)

let h sigma 2quark ((g1 , g2 , g3 ), t , c) =
((Fermion (Quark g1 ), Scalar (Sigma g2 ), Fermion (Quark g3 )), t , c)

let v sigma 2quark (c1 , c2 ) =
let v sigma 2quark ′ gen iso =

List .map h sigma 2quark

[ (((Neg , gen, iso, Q (−c2 )), (Q c2 , Q (−c1 )), (Pos , gen , iso, Q c1 )),
FBF ((−1), Psibar , S , Psi), G sigma 2quark (gen , iso)) ]
in loop iso (loop gen [v sigma 2quark ′])

let vertex sigma 2quark =
List .flatten (ThoList .flatmap v sigma 2quark inequ pairs)

Coupling of the auxiliary field of the sgluino to the quarks (Σauxqq̄)

let h sigmaAux 2quark ((g1 , g2 , g3 ), t , c) =
((Fermion (Quark g1 ), Scalar g2 , Fermion (Quark g3 )), t , c)

let v sigmaAux 2quark c1 =
let v sigmaAux 2quark ′ gen iso =

List .map h sigmaAux 2quark

[ (((Neg , gen, iso, Q (−c1 )), SigmaAuxiliary , (Pos , gen , iso, Q c1 )),
FBF ((−1), Psibar , S , Psi), G sigmaAux 2quark (gen, iso)) ]
in loop iso (loop gen [v sigmaAux 2quark ′])

let vertex sigmaAux 2quark =
List .flatten (ThoList .flatmap v sigmaAux 2quark nc list)

Coupling of the gluon to the quarks (gkqq̄). When we implement left- right-couplings in O’Mega we have
to multiply the couplings by1/2 since the projectorsPL/R are defined asPL/R = (1 ∓ γ5).
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let h gluonKK 2quark ((g1 , g2 , g3 ), t , c) =
((Fermion (Quark g1 ), Gauge Boson (GluonKK g2 ), Fermion (Quark g3 )), t , c)

let v gluonKK 2quark (c1 , c2 ) =
let v gluonKK 2quark ′ gen iso kk =

List .map h gluonKK 2quark

[ (((Neg , gen, iso, Q (−c2 )), (kk , Q c2 , Q (−c1 )), (Pos , gen , iso, Q c1 )),
FBF ((−1), Psibar , VLR, Psi), G gluonKK 2quark (gen , iso, kk)) ]
in revmap2 (loop iso (loop gen [v gluonKK 2quark ′])) kk1 list string

let vertex gluonKK 2quark =
List .flatten (ThoList .flatmap v gluonKK 2quark inequ pairs)

Coupling of auxiliary field of the gluon to the quarks (gk,auxqq̄)

let h gluonAux 2quark ((g1 , g2 , g3 ), t , c) =
((Fermion (Quark g1 ), Gauge Boson g2 , Fermion (Quark g3 )), t , c)

let v gluonAux 2quark c1 =
let v gluonAux 2quark ′ gen iso kk =

List .map h gluonAux 2quark

[ (((Neg , gen, iso, Q (−c1 )), GluonAuxiliary kk , (Pos , gen, iso, Q c1 )),
FBF ((−1), Psibar , VLR, Psi), G gluonAux 2quark (gen, iso, kk)) ]
in revmap2 (loop iso (loop gen [v gluonAux 2quark ′])) kk1 list string

let vertex gluonAux 2quark =
List .flatten (ThoList .flatmap v gluonAux 2quark nc list)

Coupling of the photon to the quarks (Aqq̄)

let h a 2quark ((g1 , g2 , g3 ), t , c) =
((Fermion (Quark g1 ), Gauge Boson g2 , Fermion (Quark g3 )), t , c)

let v a 2quark c1 =
let v a 2quark ′ gen iso =

List .map h a 2quark

[ (((Neg , gen, iso, Q (−c1 )), A, (Pos , gen , iso, Q c1 )),
FBF (1, Psibar , VL, Psi), G a 2quark iso)]
in (loop iso (loop gen [v a 2quark ′]))

let vertex a 2quark = List .flatten (ThoList .flatmap v a 2quark nc list)

Coupling of theW -Boson to the quarks (Wqq̄)

let h w 2quark ((g1 , g2 , g3 ), t , c) =
((Fermion (Quark g1 ), Gauge Boson g2 , Fermion (Quark g3 )), t , c)

let v w 2quark c1 =
let v w 2quark ′ gen =

List .map h w 2quark

[ (((Neg , gen, Iso down , Q (−c1 )), W Neg , (Pos , gen, Iso up, Q c1 )),
FBF (1, Psibar , VL, Psi), G w 2quark);
(((Neg , gen, Iso up, Q (−c1 )), W Pos , (Pos , gen , Iso down , Q c1 )),
FBF (1, Psibar , VL, Psi), G w 2quark) ]

in (loop gen [v w 2quark ′])

let vertex w 2quark = List .flatten (ThoList .flatmap v w 2quark nc list)

Coupling of theZ-Boson to the quarks (Zqq̄)
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let h z 2quark ((g1 , g2 , g3 ), t , c) =
((Fermion (Quark g1 ), Gauge Boson g2 , Fermion (Quark g3 )), t , c)

let v z 2quark c1 =
let v z 2quark ′ gen iso =

List .map h w 2quark

[ (((Neg , gen, iso, Q (−c1 )), Z , (Pos , gen, iso, Q c1 )),
FBF (1, Psibar , VA, Psi), G z 2quark (gen , iso)) ]
in loop iso (loop gen [v z 2quark ′])

let vertex z 2quark = List .flatten (ThoList .flatmap v z 2quark nc list)

module F = Models .Fusions (struct
type f = flavor

type c = constant

let compare = compare

let conjugate = conjugate

end )

vertices is a list of all vertices.

let vertices () =
( vertex 3gluonKK equal @ vertex 3gluonKK unequal @

vertex 2sigma gluonKK @ vertex sigma 2quark @
vertex sigmaAux 2quark @ vertex gluonKK 2quark @ vertex gluonAux 2quark @
vertex a 2quark @ vertex w 2quark @ vertex z 2quark ,
vertex 2sigma 2gluonKK cyc @ vertex 2sigma 2gluonKK per @
vertex 4gluonKK equal @ vertex 4gluonKK unequal cyc @
vertex 4gluonKK unequal per , [ ])

let table = F .of vertices (vertices ())

let fuse2 = F .fuse2 table

let fuse3 = F .fuse3 table

let fuse = F .fuse table

let quark sumcol c =
let quark col iso gen c =

[Quark (Pos , iso, gen, Q c); Quark (Neg , iso, gen , Q (−c))]
in List .map flavor of f

(List .flatten ((revmap (loop iso (loop gen [quark col ])) c)))

let gluonKK sumcol x =
let gluonKK col kk (n, m) = [GluonKK (kk , Q n , Q (−m))]

in List .map flavor of g (List .flatten (revmap (loop kk [gluonKK col ]) x ))

let scalar sumcol (n, m) = [Scalar (Sigma (Q n, Q (−m)))]

let external flavors () =
[
"leptons" , List .map flavor of f (loop iso (loop gen( loop cs [lepton ])));
"quarks" , ThoList .flatmap quark sumcol nc list ;
"a" , [Gauge Boson A];
"w" , [Gauge Boson (W Pos); Gauge Boson (W Neg)];
"z" , [Gauge Boson Z ];
"gluonKK" , (ThoList .flatmap gluonKK sumcol inequ pairs) @

(List .map flavor of g (loop kk [gluonAuxKK ]));
"sigma" , (ThoList .flatmap scalar sumcol inequ pairs) @ [Scalar SigmaAuxiliary ];
]
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let flavors () = ThoList .flatmap snd (external flavors ())

let parameters () = {input = List .map (fun x → (x , 0.)) list couplings ;
derived = [ ]; derived arrays = [ ]}

The following functions maps the flavor of a particle to a string. flavor to string makes the connection
between the the model file and the user interface.bcdi of flavor andflavor symbol renders the model
parameters from the model file as FORTRAN compatible code. The assignments are tabled in Tab. D.3 and
D.5.

let flavor to string =
var → string

let bcdi of flavor =
var → string

let flavor symbol =
var → string

flavor of string is the inverse function offlavor of string. It is copied from models3.ml.

let flavor of string x =
let dict = List .map (fun x → (x , flavor to string x)) (flavors ())

in let get ident = function (x , ) → x

in try
get ident (List .find (fun ( , y) → (x = y)) dict)

with
Not found → invalid arg "Warped5DSUSY.flavor of string"

mass symbol maps every particle to a FORTRAN 90 compatible mass-string and width symbol maps
every particle a FORTRAN 90 compatible width-string. Both functions are required by signature.

let mass symbol = function
| Gauge Boson A → "0. omega prec"
| Gauge Boson (GluonKK (Kal0 , , )) → "0. omega prec"
| Gauge Boson (GluonAuxiliary (Kal0 )) → "0. omega prec"
| x → "mass array(" ˆ (bcdi of flavor x) ˆ ")"

let width symbol = function
| Gauge Boson A → "0. omega prec"
| Gauge Boson (GluonKK (Kal0 , , )) → "0. omega prec"
| Gauge Boson (GluonAuxiliary (Kal0 )) → "0. omega prec"
| x → "width array(" ˆ (bcdi of flavor x ) ˆ ")"

let rcs = RCS .rename rcs file "Models5.Warped5Dsusy" (["The Warped 5D Susy Model" ])

end
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flavor to string bcdi of flavor flavor symbol

e− e- e bcd l1

e+ e+ e bcd lb1

νe nue- nue bcd n1

ν̄e nue+ nue bcd nb1

µ− mu- mu bcd l2

µ+ mu+ mu bcd lb2

νµ numu- numu bcd n2

ν̄µ numu+ numu bcd nb2

τ− tau- tau bcd l3

τ+ tau+ tau bcd lb3

ντ nutau- nutau bcd n3

ν̄τ nutau+ nutau bcd nb3

u(n) u/n u bcd u1 |n|

ū(n) ubar/n u bcd u1b |n|

d(n) d/n d bcd d1 |n|

d̄(n) dbar/n d bcd d1b |n|

c(n) c/n c bcd u2 |n|

c̄(n) cbar/n c bcd u2b |n|

s(n) s/n s bcd d2 |n|

s̄(n) sbar/n s bcd d2b |n|

t(n) t/n t bcd u3 |n|

t̄(n) tbar/n t bcd u3b |n|

b(n) b/n b bcd d3 |n|

b̄(n) bbar/n b bcd d3b |n|

Table D.3: Functionality of the functionsflavor to string, bcdi of flavor and flavor symbol for
fermions.n is the integer of the color index and|n| denotes the absolute value ofn.
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flavor to string bcdi of flavor flavor symbol

A a a

Z z z bcd z

W+ w+ w bcd w

W− w- w bcd w

g(n, m) gluon/n(-m) glu n(-m)

gaux gluon0 gluAux

g1(n, m) gluonKK1/n(-m) gluonKK1 bcd gluKK1 n(-m)

g1,aux gluon0KK1 gluonAuxKK1 bcd gluAuxKK1

Σ(n, m) sigma/n(-m) sigma bcd sig n(-m)

Σaux sigma0 sigmaAux bcd sigAux

Table D.4: Functionality of the functionsflavor to string, bcdi of flavor and flavor symbol for
fermions.n andmdenote the integer of the color index.

constant symbol

G 3gluonKK (k1 , k2 , k3 ) g 3gluonKK k1k2k3

G 4gluonKK (k1 , k2 , k3 , k4 ) g 4gluonKK k1k2k3k4

G 2sigma gluonKK k1 g 2sigma gluonKK 00k1

G 2sigma 2gluonKK cyc (k1 , k2 ) g 2sigma 2gluonKK cyc 00k1k2

G 2sigma 2gluonKK per (k1 , k2 ) g 2sigma 2gluonKK per 00k1k2

G sigma 2quark g sigma qqbar

G sigmaAux 2quark g sigmaAux qqbar

G a 2quark (Iso up) g a 2uptypequark

G a 2quark (Iso down) g a 2downtypequark

G w 2quark g w 2quark

G z 2quark g z qqbar

G gluonKK 2quark k1 g gluonKK qqbar k100

G gluonAux 2quark k1 g gluonAux qqbar k100

Table D.5: Functionality of the functionconstantsymbol . k1 , k2 , k3 andk4 denote the integer of the
Kaluza-Klein index.

97



Bibliography

[1] A. Knochel and T. Ohl, “Supersymmetric Extensions and Dark Matter in Models of Warped
Higgsless EWSB,”0805.1379 .

[2] C. Csaki, C. Grojean, J. Hubisz, Y. Shirman, and J. Terning, “Fermions on an interval: Quark and
lepton masses without a Higgs,”Phys. Rev.D70 (2004) 015012,hep-ph/0310355 .

[3] N. Arkani-Hamed, T. Gregoire, and J. G. Wacker, “Higher dimensional supersymmetry in 4D
superspace,”JHEP03 (2002) 055,hep-th/0101233 .

[4] L. J. Hall, Y. Nomura, T. Okui, and S. J. Oliver, “Explicitsupersymmetry breaking on boundaries of
warped extra dimensions,”Nucl. Phys.B677(2004) 87–114,hep-th/0302192 .

[5] D. Marti and A. Pomarol, “Supersymmetric theories with compact extra dimensions in N = 1
superfields,”Phys. Rev.D64 (2001) 105025,hep-th/0106256 .

[6] WMAP Collaboration, D. N. Spergelet al., “Wilkinson Microwave Anisotropy Probe (WMAP)
three year results: Implications for cosmology,”Astrophys. J. Suppl.170(2007) 377,
astro-ph/0603449 .

[7] T. Kaluza, “On the unification problem of physics,”. HUPD-8401.

[8] O. Klein, “Quantum theory and five-dimensional theory ofrelativity,” Z. Phys.37 (1926) 895–906.

[9] G. Servant and T. M. P. Tait, “Is the lightest Kaluza-Klein particle a viable dark matter candidate?,”
Nucl. Phys.B650(2003) 391–419,hep-ph/0206071 .

[10] K. Kong and K. T. Matchev, “Precise calculation of the relic density of Kaluza-Klein dark matter in
universal extra dimensions,”JHEP01 (2006) 038,hep-ph/0509119 .

[11] J. Wess and J. Bagger, “Supersymmetry and supergravity,”. Princeton, USA: Univ. Pr. (1992) 259 p.

[12] L. Randall and R. Sundrum, “A large mass hierarchy from asmall extra dimension,”Phys. Rev. Lett.
83 (1999) 3370–3373,hep-ph/9905221 .

[13] M. Maggiore,A Modern Introduction to Quantum Field Theory. Oxford University Press Inc., New
York, first ed., 2005.

[14] A. K. Knochel, “Electroweak symmetry breaking and perturbative unitarity in higher-dimensional
field theories,” Master’s thesis, State University of New York, Stony Brook, USA, August, 2005.

[15] A. J. MacFarlane, A. Sudbery, and P. H. Weisz, “On Gell-Mann’sλ-matrices, d tensors and f tensors,
octets, and parametrizations of SU(3),”Commun. Math. Phys.11 (1968) 77–90.

[16] W. Kilian, T. Ohl, and J. Reuter, “WHIZARD: Simulating Multi-Particle Processes at LHC and
ILC,” 0708.4233 .

[17] F. Maltoni, K. Paul, T. Stelzer, and S. Willenbrock, “Color-flow decomposition of QCD amplitudes,”
Phys. Rev.D67 (2003) 014026,hep-ph/0209271 .

98

http://arXiv.org/abs/0805.1379
http://arXiv.org/abs/hep-ph/0310355
http://arXiv.org/abs/hep-th/0101233
http://arXiv.org/abs/hep-th/0302192
http://arXiv.org/abs/hep-th/0106256
http://arXiv.org/abs/astro-ph/0603449
http://arXiv.org/abs/hep-ph/0206071
http://arXiv.org/abs/hep-ph/0509119
http://arXiv.org/abs/hep-ph/9905221
http://arXiv.org/abs/0708.4233
http://arXiv.org/abs/hep-ph/0209271


[18] http://theorie.physik.uni-wuerzburg.de/ ˜ cnspeckn .

[19] C. Speckner, “Die Produktion geladener Eichbosonen imnichtkommutativen Standardmodell,”
Master’s thesis, Julius-Maximilians-Universitaet, Wuerzburg, Deutschland, Oktober, 2006.

99

http://theorie.physik.uni-wuerzburg.de/~cnspeckn


Acknowledgments

I want to thank the following persons for supporting me during the university education and diploma thesis.

• PD Dr. Thorsten Ohl for the opportunity to write my thesis in his group and answering all my ques-
tions.

• Prof. Dr. Reinhold Rückl for fascinating me for quantum physics during his lectures on quantum
mechanics and quantum field theory.

• Christian Speckner for answering all my questions concerning programming and physic issues in
general.

• Alexander Knochel for the various discussions about extra dimensional models.

• Simone Götz, Karoline Köpp, Christian Speckner, Alexander Knochel and Alexander Schenkel for
a careful reading of this work.

• Alexander Schenkel for fascinating me for quantum physics and spending endless hours with me
discussing questions and problems concerning my research and beyond.

• And last but not least my parents for supporting me during my studies in any way imaginable.

100



Erkl ärung
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