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Abstract

The main part of the community of physicists assumes today that the so-called dark
matter is essentially responsible for the mass in our Universe. Currently, its nature
and properties are in fact entirely unkown - several different theories compete against
each other. Supersymmetry yields a potential candidate, the lightest neutralino; this
assumption is the basis of our work. This thesis deals with annihilation processes of
supersymmetric particles that had an impact on the dark matter relic density by neu-
tralino coannihilations. The underlying project is hereby the DM@NLO collaboration
having the goal to calculate a hopefully complete set of such SUSY processes at next-
to-leading order in QCD. The thesis contains first the Born cross section calculation.
Afterwards, the virtual corrections are discussed - they are UV finite after successful
renormalisation. It remains the treatment of real corrections. For these calculations,
a formalism is developed that is based on the dipol subtraction method. Additionally,
the project of stau annihilation (a previous thesis) comes to an end via Sommerfeld
corrections (resummation) for the ingoing scalar taus. We perform a detailed numerical
analysis, apply our corrected cross section results to gravitino physics and investigate
theoretical uncertainties arising from a variation of the renormalisation scheme and scale.

Kurzfassung

Vom grofiten Teil der Wissenschaftsgemeinde wird heute angenommen, dass die soge-
nannte Dunkle Materie einen wesentlichen Anteil der Masse des Universums ausmacht.
Deren tatsachliche Natur ist jedoch derzeit noch génzlich unbekannt - verschieden-
ste Theorien konkurrieren miteinander. Die Supersymmetrie liefert einen potenziellen
Kandidaten, das leichteste Neutralino; eine Annahme, die die Grundlage dieser Arbeit
ist. Sie befasst sich mit Annihilationsprozessen supersymmetrischer Teilchen, welche
durch Neutralino-Koannihilation im sehr frithen Universum die Reliktdichte Dunkler
Materie beeinflusst haben kénnen. Ubergeordnetes Projekt ist hierbei die DMONLO-
Kollaboration, welche das Ziel hat, einen moglichst vollstandigen Satz solcher SUSY-
Prozesse auf NLO-Level in der QCD zu berechnen. In der Arbeit wird zunéchst die Stop-
Annihilation auf Born-Niveau berechnet, anschlieBend die virtuellen Korrekturen, sodass
nach Renormierung ein UV-konvergentes Ergebnis vorliegt. Es verbleiben reelle Ab-
strahlungen. Hierfiir wird ein Formalismus entwickelt (auf Dipol-Subtraktion basierend),
welcher bislang bei NLO-Rechnungen noch nicht aufgetreten ist. Auflerdem wird das
Projekt der Stau-Annihilation aus einer vorangegangenen Arbeit beendet durch Sommerfeld-
Korrekturen (Resummation) auf Seite der eingehenden skalaren Taus. Die Ergebnisse
werden detailliert numerisch ausgewertet, ferner wird der korrigierte Wirkungsquer-
schnitt auf Gravitino-Physik angewandt. Wir gehen der theoretischen Unsicherheit
der Ergebnisse nach, welche aus der Variation von Renormierungsschema und -skala
erwachst.
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1. Introduction

The coexistence of astonishingly precise predictions - in remarkable accordance with
the experiments - of the Standard Model of particle physics and its inadequacies con-
cerning meaningful questions in modern physics is surely a peculiar fact. It describes
three fundamental forces with great exactness and is still unable to give answers e.g. to
gravity at microscopic scales, to baryon asymmetry and the nature of dark matter. Due
to these riddles, theorists tried to expand the Standard Model in several ways within
the last decades. The modifications start with minimal extensions and end in the highly
speculative world of strings.

This thesis will deal with supersymmetry (SUSY) yielding us a promising candidate
- the neutralino - which has exactly those properties we expect from our current pic-
ture of dark matter. Its big mass and insensitivity to electromagnetic interaction gave
birth to several projects assuming that at least a main part of dark matter is made of
neutralinos. We will start with a brief summary about dark matter: evidence, possible
candidates and other theories explaining the observations as well as the present state of
research. Furthermore, we present the DMONLO (dark matter at next-to-leading order)
collaboration - the underlying project of this thesis - in Chapter 2. We explain how our
processes can be integrated in the whole picture of this kind of research.

The following chapter deals with some theoretical introductions. For the discussion
of supersymmetry, but also for the treatment of colours and the colour decomposition, a
group theoretical overview is inevitable. Our process also requires an understanding of

Faddeev-Popov ghosts, so we give short remarks regarding the quantisation procedure
in QCD.

Diverse contents of Chapter 3 find an application in Chapter 4, dedicated to super-
symmetry. Although the theory cannot be explained in all its facets, we will have a
look at the gradation of the Poincaré algebra and how to break SUSY, too. The chapter
also provides some quantitative information about the new particle zoo arising from the
minimal SUSY extension of the SM. With all this background knowledge, we are pre-
pared to perform the calculation of the Born cross section and virtual NLO corrections
of stop annihilation (Chapter 5) under the assumption that the technical details (regu-
larisation, tensor reduction, ...) are already known (to be found in the appendix). The
next chapter will deal with the development of a dipole subtraction formalism for initial
massive scalar bosons. We give a suggestion how to perform the calculations explicitly.

The second big process - stau-antistau annihilation into top quarks - comes to an end in



1. Introduction

Chapter 7. We introduce the concept of Sommerfeld enhancement and comment on the
remaining QCD-corrections. A detailed numerical analysis of this process follows: Chap-
ter 8 discusses the annihilation cross section with respect to neutralino and gravitino
physics and theoretical uncertainties from renormalisation scale and scheme variation.
Finally, we conclude and leave some remarks on future projects of the collaboration.

For a transfer of knowledge, a detailed appendix had to be written. We give results
of virtual corrections and the used algebraic techniques.

10



2. The Dark Universe

Several convincing observations suggest that we actually know only five percent of the
components our Universe is made of. Even after several decades of research in cosmology
and particle physics, we have no concrete idea what the unknown 95 percent could be.
There is, on the one hand, the strange nature of dark energy being responsible for an
accelerated expansion of the Universe. On the other hand, we have to solve the problem
of dark matter giving stability to galaxies and galaxy clusters (23 percent). The concept
of supersymmetry gives birth to a candidate the dark matter could possibly made of. In
this section we will give a short overview of the current level of research in the area of
dark matter and show in which way SUSY could give an answer to its nature and how
the DM@NLO project, especially the content of this thesis, is connected to that field of
research.

2.1. The Hidden Nature of Dark Matter
2.1.1. Evidence

Probably, Fritz Zwicky was rather surprised that rotational curves of galaxies do not
obey the irrefutable law describing the centripetal force, under the assumption that only
visible matter contributes to the gravitational potential [1]. And perhaps, he would be
even more astounded that almost ninety years later physicists could not find a convinc-
ing answer to the composition of the so-called dark matter which presumably holds the
galaxies together. After observing the Coma cluster and determining the mass of its
luminous matter, he used the virial theorem to obtain an averaged velocity of the rotat-
ing stars. The great disagreement with his redshift measurements led to the conclusion
that dark matter has to be much heavier than the luminous one - a conclusion that was
also found by V. Rubin and W. Kent Ford [2]: By observing the rotation velocities of
stars around the galactic centers, these astronomers wanted to reproduce the behaviour
we know from the planets rotating around the sun (proportional to ﬁ, distance R).
However, a constant rotation velocity, independent of the distance to the galaxy center,
was observed. In their opinion, this discrepancy is naturally explainable by assuming
a dark matter halo surrounding every galaxy and being responsible for their structure.
The most doubts regarding the presence of dark matter in the Universe vanished after
observing the bullet cluster (1E 0657-558) shown in the Fig.2.1. The picture shows two
galaxies that collided 100 million years ago, now diverging from each other. During this
collision, the intergalactic medium (the major baryonic matter component) interacted,
so it slowed down, whereas the galaxies itself moved further. The astonishing conse-

11



2. The Dark Universe

Figure 2.1.: Superposition of the visible spectrum of the bullet cluster together with
the pink-coloured X-ray emission of the intergalactic plasma and the blue
gravitational potential arising from lens effects [3].

quence of the picture is that the lens effects occur mostly at the galaxies and, therefore,
they have to contain a huge amount of dark matter to explain the big curvature. Dark
matter would not interact during a collision, so the halos around the galaxies would be
left untouched. Other theories that deny the existence of dark matter cannot explain
this phenomenon. Thus, the bullet cluster is seen by many astrophysicists as an experi-
mental proof of dark matter.

The evaluation of the WMAP and Planck satellite measurements made it furthermore
possible to go beyond qualitative statements about dark matter since the actual density
of dark matter would be hard to determine only by observing galaxies. Today, we are
indeed capable to perform quantitative analyses - we will encounter the dark matter
relic density later.

2.1.2. Candidates

The natural approach to possible dark matter candidates is, of course, to demand that
they must not interact electromagnetically as the definition tells us. Jocularly, one di-
vides them up into MACHOs and WIMPs (massive astrophysical compact halo objects
and weakly interacting massive particles). The first category, consisting only of baryonic
matter, was excluded to be a relevant in percentage terms quite early, these objects like
e.g. brown dwarfs (not luminous at visible wavelength since no fusion occurs) are
rare and do not coincide with observations.

12



2. The Dark Universe

More interesting is the list of possible WIMPs;, often starting with neutrinos. However,
making neutrinos responsible for the aforementioned observations is rather contradictory
if one has a look upon the evolution of the large structures in the cosmos: In fact, this
development happened hierarchically meaning that single stars came into being before
galaxies and galaxy clusters were formed (bottom-up scenario). But the influence of dark
matter on these structures would cause the complete opposite in the case of fast hot dark
matter particles like neutrinos (top-down scenario). The so-called axion might be an
interesting candidate as field theorists would expect an additional symmetry explaining
that no CP violation was observed in QCD processes, although the current theory would
not forbid such a violation. This globally broken symmetry (Peccei-Quinn mechanism,
see [4]) causes the appearance of pseudo-Goldstone bosons, the axions. They could be
proper dark matter particles [5], but an observation was not possible until now.

A contemporary and fruitful area of research is the construction and analysis of Mini-
mal Models. Extending the Standard Model as little as possible is often assessed to be a
natural approach. Today, a wide spectrum of Minimal Models exists, containing diverse
strategies to enlarge the particle content with modified gauge groups, additional Higgs
doublets, further Higgs couplings etc. They often try to solve the dark matter problem
and a second simultaneously: Radiative see-saw models [6] shall explain non-vanishing
neutrino masses, too, whereas a new Higgs coupling aims to explain the (¢—2), anomaly
[7]. We do the opposite and postulate a veritable zoo of new particles.

Around 1970, the theory of supersymmetry was born with the ability to solve several
(even today) actual problems of particle physics and cosmology (detailed in Chapter 4)
yielding us the neutralino that we want to discuss now. At first sight, the basic idea
of SUSY seems quite easy. The crucial component of this SM-extension is an operator

A

(@ transforming a boson to a fermion and vice versa:
QIB) =|F)  Q|F)=|B) (2.1)

As we will see in Chapter 4, there is a highly complicated mathematical structure behind
this idea which of course can only be outlined in an abridged way. At this point, we
just need to know that there is a rather promising candidate within the SM-extension
using the concept of SUSY. Working out the SUSY algebra in order to obtain the
smallest consistent model (the MSSM, the Minimal Supersymmetric Standard Model),
a whole catalogue of particles is the outflow of this procedure (Fig.2.2). What made
the neutralino (there are obviously four of them, the object of interest is the lightest
- the x9 or N;) that promising is the introduction of an additional quantum number
called R-parity. It is necessary as SUSY sometimes allows the proton decay, seeming
quite unlikely after the measurements at Kamiokande (lifetime bigger than 10%° years
[8]). The R-parity is defined via

PR — (_1)SB+L+25 (22)

where B and L are baryon and lepton number and s the spin of the respective par-
ticle. It leads to the value 1 (SM) or -1 (SUSY). This quantum number implies the

13



2. The Dark Universe

Names Spin | £ | Mass Bigenstates | Gauge Eigenstates
Higgs bosons | 0 | +1 1Y H® A® H* | HY HY Hf H;
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Figure 2.2.: The MSSM contains a wide range of new particles, the superpartners of
known SM-particles [3].

existence of a lightest supersymmetric particle (LSP) that cannot decay in further steps.
R-parity is currently hard to motivate - there is simply no doubt that a conserved quan-
tum number has to exist. An underlying symmetry is not known, yet. In many models
the lightest neutralino (]\71 or Xg) is the LSP. Due to its big mass in several scenarios
and its property not to interact electromagnetically, the research in this area is an ac-
tual, hot topic and, moreover, the underlying assumption of the DM@NLO project - the
subject of this thesis - claims the neutralino to be the (or at least a) dark matter particle.

As a side-project, DMONLO included also the gravitino as LSP and possible dark
matter candidate - the superpartner of the spin-2 tensor boson mediating a quantised
gravitational interaction, namely the graviton. Section 8.1.4 is completely dedicated
to this spin-3/2 Rarita-Schwinger fermion. Viable, but not treated in this thesis, is
the superpartner of the right-handed neutrino, called sneutrino. After measuring the 7
boson decay width at the LEP, the lighter left-handed brother could be excluded [9].
According to the sterile/right-handed neutrino (with its high mass due to e.g. the
see-saw mechanism, it is also a candidate for at least warm dark matter, therefore highly
restricted - see [10]), this particles are often called sterile sneutrinos.

Before this section comes to an end, we want to discuss briefly the remainder of rel-
evant ideas in the history of dark matter. In 1983, M. Milgrom decided to follow a
completely different path to solve the dark matter problem - that there is no additional
matter we have to search for. Instead, our understanding of gravity is no sufficient

14



2. The Dark Universe

theory on cosmological scales. Therefore, he introduced the hypothesis of MOND [11],
standing for Modified Newtonian Dynamics, which modifies the Newtonian equation of
motion with a multiplicative function u(z)

F- mau(jo) ) = 2 (23)

leading to another understanding of velocity (here, ay has to be seen as a new constant
of Nature):

GmM 2
77”; =m*l sy = (agGM)Y* (2.4)
r Qo

In the limit of large accelerations, the Newtonian dynamics as we know them can be
reproduced. Over and above, the constant rotation velocity for stars in outer regions are
congruent with the observed rotation curves. This theory was expanded to a relativistic
one as an improvement of general relativity, but the Bullet cluster results are interpreted
as a convincing counter-argument. In the scientific community, these theories are often
excluded from the current area of research.

Last, but not least, we keep in mind that the assumption that dark matter does not
interact electromagnetically, but at least weakly, might be a wrong one: There is no rea-
son to exclude that dark matter could interact just gravitationally as it was explained
in [12]. In this case, direct detection efforts would be in vain.

2.1.3. Experimental Search for Dark Matter Particles

Within the last decades, several techniques were invented to verify the existence of dark
matter experimentally. In general, one can divide these techniques into three types of re-
search that can be drawn schematically (Fig. 2.3). At this point, we should mention that
only a handful of experiments can be treated in this section whose detailed background
is explained in the references. The dark matter chapter does not demand completeness.
Maybe the most natural way to find dark matter (in the following, we concentrate on
finding WIMPs) is to assume that these unknown particles are somehow able to in-
teract with SM particles on Earth. This of course requires that the Earth is passing
through a dark matter halo in order to detect a measurable flux. The detection can
be performed by e.g. a cooled germanium crystal having an excellent radio purity (like
the CoGeNT project, US [13]). Another project is the detection with xenon as target
material. Well-known experiments are, for instance, the XENON Dark Matter Project
in the Gran Sasso underground laboratories, Italy [14], or PandaX in Sichuan, China [15].

The great colliders in the world may also enlighten the field of dark matter: Dark mat-
ter signatures in collision experiments could occur, if particle collisions produce dark
matter particles directly and also if heavy SM particles created by collisions decay into
dark matter particles. Since 2015, proton collisions at energies of 13 TeV are technically
possible at the LHC. Although two LHC experiments, namely CMS and ATLAS [16,17],

15



2. The Dark Universe

Collider

l::>

SM DM

Direct Detection

SM DM

<::I

Indirect Detection

Figure 2.3.: Three types of experimental dark matter research dominate the current work
on this topic [31].

include the searches for particles beyond the SM and, therefore, the search for dark
matter, there is still no data containing evidence. Furthermore, the detection of SUSY
particles does not automatically imply that neutralinos are really the main component
dark matter consists of. Some particle physicists criticise the principle of collider physics
to enlarge the collision energies further and further. Shifting the SUSY mass spectrum
ever higher to explain why no superpartners were found leads to a theory, that cannot
be falsified (an unscientific theory, [18]). One should also take into consideration that
the dark matter problem might be a misunderstanding and a wrong interpretation of
measurements at a deeper level.

It remains a third way of investigating the strange nature of dark matter - the indi-
rect one, that we do not treat in detail. Our strategy is independent of the diagram in
Fig. 2.3. To scrutinise dark matter with its relic density is the experimental background
of this thesis and, furthermore, the foundation of a wide range of publications arising
from the DM@NLO collaboration and other projects.

2.2. The DMG@NLO Project

Let us now assume that the WIMPs are indeed the main constituent of dark matter.
Fig. 2.3 shows us that this kind of research is just the opposite of collider experiments
- the object of desire hereby is the (thermally averaged) annihilation cross section of
dark matter or rather the resulting relic density. We need to find a way to calculate the
remaining dark matter after annihilation processes to obtain theoretical results that can

16



2. The Dark Universe

be compared with the actual, remarkably precise measurement (1o interval)
Qcparh® = 0.1200 £ 0.0012 (2.5)

from the Planck collaboration [19] (see Fig.2.4). The determination of this value was
supported with polarisation data from the WMAP project. h represents the current
Hubble expansion rate described as Hy 67,8 km/(s MPc) in units of 100 km/(s MPc).
Statistical physics gives us a suitable model to perform the theoretical prediction: The
Boltzmann equation describing in this case the time evolution of the neutralino number
density n, (n{? denotes the number density in equilibrium)

dn
d_tx = —3Hny — (Gannv)[ns — (n$9)?]. (2.6)

The term proportional to the (time-dependent) Hubble rate H is just a cosmological
one respecting the expansion of our cosmos and therefore the dilution of matter. Par-
ticle physics enters the stage through the thermally averaged annihilation cross section
(0annv) that contains how many neutralinos are created and annihilated. The chal-
lenging task to calculate every process including neutralinos (and other sparticles that
coannihilate with neutralinos, details in Chapter 8) to SM particles with an acceptable
precision was created. In the very early Universe a thermal equilibrium of the number

Figure 2.4.: Today, the Planck satellite measurements provide the best investigation of
the cosmic microwave background (CMB). Using the results, several quanti-
ties appearing in cosmology and astroparticle physics were determined quite
precisely [20].

density is assumed; however, this equilibrium is shifted by the cooling of the Universe
since it expands: More neutralinos are annihilated than generated. After a certain time,
the moment comes where the expansion rate triumphs over the annihilation rate. The
particles leave each other so fast that the possibility to annihilate is suppressed. The
relic density becomes constant (value of Eq. 2.6), there are no appreciable annihilation

17



2. The Dark Universe

processes in the present Universe. This value is reached with the so-called freeze-out
mechanism, shown in the Fig. 2.5 below. Apparently, a high cross section value causes a
lower level of the final number density. Also notice that the x-axis includes the particle
mass. Applying SUSY to dark matter physics is therefore practicable due to the high
masses of the new particles. There are naturally three scenarios that can happen after

[]01 F T ™T"T71 r|E
0.001 3
0.0001 3
10-5 | 3

2 10 k . E
=107 Increasing <o,v> -
5 100 V ;
a £ 3
. 1(!1"'E _________________ E
g 10-10 ; J/ -é
E =11 i :
5 10 E .,
Z T i 2 R SRl 3
ap 3 E
c 10-19 =
% 10-14 ; -!
P
© jo-e | 4
10-17 : -;
10710 2
10-1 ; -i
10-20 L £ il £ gy e

1 10 100 1000

x=m/T (time -)

Figure 2.5.: The freeze-out mechanism of the neutralino number density depending on
the thermally averaged cross section of annihilation processes [21].

the neutralino relic density was obtained via

0, = (2.7)

pC

with the critical density p. of the Universe and the particle’s mass m,. The result may
exceed the value from measurements which is, of course, an incompatiblity of super-
symmetric WIMPs as our underlying assumption. But the calculations would not have
been worthless since we would have falsified our model; and falsification is the way how
modern science works. We could have more luck - the value totally agrees with the ex-
perimental research. If our calculations instead fall below these measurements we had at
least the possibility that SUSY explains dark matter partially, but no evidence. This is
the scientifically unsatisfactory scenario. In order to get these theoretical results, Bjorn
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2. The Dark Universe

Herrmann, Michael Klasen and Karol Kovarik initiated the DMG@NLQO project around
2006, with the goal to implement every relevant process for the neutralino relic density
calculations (solving the Boltzmann equation) respectively to get a value of all cross
sections at NLO. Further NLO corrections are suppressed because of smaller coupling
constants. Currently, there exist public packages calculating Born cross sections in the
MSSM with some effective couplings (e.g. DarkSusy [22]) - however: The QCD correc-
tions are necessary for reliable values as they occasionally shift them up to 40 percent.
With these precise predictions one can perform meaningful comparisons with experi-
mental results. Hence, several subprojects were started and the DM@NLO collaboration
increased. They can be divided up into the following subunits:

gaugino pair-annihilation into quark pairs

At the beginning, there were just the SUSY-QCD corrections at one-loop level
for the neutralino annihilation into quarks, exchanging an A°. Within the follow-
ing years, the generalisation was worked out, namely the neutralino and chargino
annihilations for every single possible combination - a quite extensive calculation
[23,24,25,26].

gaugino-squark coannihilation into a quark and a gauge/Higgs boson

As described before, also the coannihilation processes obviously reduce the amount
of neutralinos as dark matter in the Universe. Their impact was calculated in sev-
eral processes including the most important stop coannihilations with every Higgs
boson, the electroweak bosons and gluons in the final state as well as a quark
[27,28].

squark-antisquark annihilation into electroweak final states

The smaller the mass difference between squarks (especially the scalar top) and the
dark matter particle, the more likely is the relevance of pure squark annihilation
for the relic density. This contains Higgs and electroweak bosons in the final state
and, furthermore, combinations of them [29].

squark-antisquark annihilation into coloured final states

Perhaps the most time-consuming NLO calculations in SUSY-QCD occur in the
case of coloured final states. Again, we have just pure squark annihilations, now
with quarks in the final state, performed by S. Schmiemann, or gluons treated by
the author of this thesis.

stau annihilation into coloured final states

Note that there are also other coannihilations with relevance like a heavy slep-
ton annihilation. For stau masses in the near of the neutralino mass, they also
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2. The Dark Universe

could have an impact on the dark matter density [30]. The staus also give rise to
an application of the cross section for gravitino dark matter physics [31].

We mentioned that one goal of DM@NLO is calculating cross sections for indirect detec-
tion of dark matter particles. We emphasize, however, that the code can also be used for
direct detection precision predictions: These processes are obtained diagrammatically
by rotating the scheme in Fig. 2.3. But also mathematically, we do not need much effort
to apply the existent code to direct detection processes. So how does the DM@NLO code
actually work? It can be divided into several parts, also containing free, already existing
programs (Fig. 2.6). Basic requirement for fruitful calculations is the choice of scenarios

Spectrum Calculator Input

calculation of the sparticle mass setting input parameters according

spectrum, mixing matrices and to Les Houches Accord within a

precision observables model of the MSSM

MicrOMEGASs CalcHEP

integration of Boltzmann equation calculation of all relevant

on the basis of the cross sections l«— (co)annihilation cross sections

computed by CalcHEP at tree level

cross sections which are provided

by DMQNLQO supersede CalcHEP r

cross sections ‘\ DM@NLO
calculation of all maintained cross
sections at next-to-leading order to

| | O(a
Output ()

theoretical prediction of the neu-

tralino relic density at next-to- DM@NL’

leading order to O(ay)

Figure 2.6.: The flow chart illustrates the computation of the neutralino relic density
enhanced by DM@NLO results [32].

having SUSY particle mass spectra where the investigated (co-)annihilation processes
are relevant for the entire relic density. By giving an input file, provided by an SLHA

(SUSY Les Houches Accord) file [33,34], to a spectrum calculator like SPheno [35,36]
or SoftSUSY, we can extract a quantitative background of our calculations (the SUSY
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2. The Dark Universe

particle masses are not known yet. Instead, they highly depend on the chosen scenario,
see Chapter 4.). We will come back to details when specific scenarios for the processes of
this thesis have to be found. Based on these spectra as well as mixing angles and further
quantities, MicrOMEGAs is able to perform the Boltzmann integration after the NLO
corrections were implemented and the tree level cross section calculated by CalcHep. It
was written by A. Pukhkov et al. in order to obtain cross section at LO directly from
the Lagrangian [37].

The DMGONLO package appears at the next-highest level - its goal is to yield NLO
corrections to the value given by CalcHep. Due to its low level of automatisation, this
can be a quite involving challenge. SUSY leads to an abundance of possible corrections
that have to be treated analytically. MicrOMEGAs, written by G. Bélanger et al. [38], is
a rather general code for the investigation of dark matter properties and can be applied
to many SUSY models and other models of new physics, too. Its calculations include
both relic densities, indirect detection rates and direct ones. Hence, we end up with
predictions of the neutralino relic density at NLO. If one is not interested in calcula-
tional details, one might jump to Chapter 8, where the predictions for our processes are
presented and analysed graphically.
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3. Selected Topics in Quantum
Chromodynamics

Although we have already discussed the general background of this thesis, some specific
theoretical tools beyond the scope of the common lectures in quantum field theory have to
be introduced. Assuming that the reader is already familiar with the way of calculating
cross sections in leading and next-to-leading order (otherwise an introduction can be
found in [30]), we will rather concentrate on QCD-related techniques arising from group
theory and simplifying the coming calculations.

Three quarks for Muster Mark!
Sure he hasn’t got much of a bark
And sure any he has it’s all beside the mark.

- James Joyce, Finnegan’s Wake [39]

The theory of quantum chromodynamics provided an important component of the Stan-
dard Model, namely a precise description of the strong interaction. Deep insights into
the structure of nuclei led to a couple of Nobel prizes. Today, QED is understood quite
well, whereas there are still some meaningful open questions in the QCD. Its complicated
mathematical structure arises from its non-Abelian nature - the elements of the SU(3)¢
Lie group do not commute. This is a keyword leading us to a group theoretical access
to the QCD that will be presented in the following section. It is not only written as
an intermezzo before the practical calculations start, and not only to enjoy the beauty
of the connections of group theory and physics, but for real applications in the calcula-
tions of our processes. Over and above that, we need the group theoretical overview to
understand the key idea of SUSY.

3.1. Group Theoretical Foundations

We will start with highly abstract thoughts about group theory, then state them more
precisely within their occurrence in QCD until we end up with our explicit process.
Especially regarding the SM, the concept of Lie groups is the starting point for further
discussions.

Definition 1 (Lie group): A Lie group G is a differentiable smooth manifold with
a group structure.
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3. Selected Topics in Quantum Chromodynamics

Using those groups is a way to describe continuous symmetries. The Lie algebra be-
longing to G is defined as follows:

Definition 2 (Lie algebra): A Lie algebra is a vector space g for which an antisym-
metric bilinear form [,] : g x g — g (the Lie bracket), satisfying the Jacobi identity, is
defined. (Jacobi identity: [[A, B],C] + [[B,C], A] + [[C, A], B] = 0).

Without a suitable representation, the Lie algebra would be worthless for any applied
calculation. For a general group, we define:

Definition 3 (representation): A n-dimensional representation of G is an homomor-
phism D : G — GL(n,C).

In other words, we take an abstract group element g and give an explicit appearance
to it by representing the element via a matrix of the general linear group GL(n,C) of
dimension n and with complex entries. Under this mapping (homomorphism, to be pre-
cise), the group structure D(g192) = D(g1)D(g2) is preserved. Perhaps one of the most
important ingredients of group theory in physics is the concept of

Definition 4 (reducibility): Let Ppnxm), @nxny and Ryyxny be submatrices of a
n + m-dimensional representation D(g). If D takes the form

_ (P(9) R(g)
D(Q)—( 0 Q(g)> (3.1)

Vg € G the representation is called reducible.

Under certain circumstances, this process of reduction can be continued in the way that
R(g) is taken to be a null matrix. Hence, D(g) takes now a block-diagonal form and
a complete reduction was performed (it remains an irreducible representation). There
exists a famous group theoretical theorem by Heinrich Maschke concerning finite groups
that guarantees a successful decomposition into irreducible pieces:

Theorem (Maschke) : Fvery reducible representation of a finite group is completely
decomposable into irreducible representations.

Keeping in mind the concept of reducibility, let us have a look at

Schur's Lemma: Any matriz commuting with those of an irreducible representation
D(g) is a multiple of the unitary matriz ¥g.

Note, that this Lemma can be expressed in the language of linear operators on Hilbert
spaces, too. During the application of group theory on QCD, the deeper meaning will
become clear. At this point, we are ready to deal with objects consisting of combinations
of elements from more vector spaces than one, for instance a product function of v and
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3. Selected Topics in Quantum Chromodynamics

w, with the notation I',.(x) = v,(z)w.(z) transforming under the irreducible represen-
tations D™ and D®). The transformation of I" is under matrices of the tensor product
D™ @ D®) of the single representations, which means concretely:

I (z) = DI (g) DY) (9)Tha(z) = DY (g)Tpal) (3.2)

The tensor product can be decomposed into irreducible components in analogy to a single
representation: We obtain a direct sum of completely decomposed representations, called
Clebsch-Gordan series:

DWW & DWW — @ a, D) (3.3)

It remains the question regarding an elegant way to determine the Clebsch-Gordan se-
ries for non-trivial tensor products. In group theory one often uses the well-established
method of the Young tableau (plural: tableaux). Such a tableau represents (at least for
our usage) the (anti-)symmetrisation of a tensor with n indices.

To apply the method, we briefly comment on the evaluation of dimensionality as well as
of tensor products leading to a direct sum. Finding the dimension is a simple procedure:
Fill the boxes with numbers like it was done in the tableau below (later in QCD: N=3)
[40]:

N |N+1|N+2|N+3|N+4

N-1| N |Nt1|N+2

N—2({N-1| N

N—-3|N-2

Afterwards, take a copy of the tableau and enter the number of boxes to the right
of it in its row for every box, add one for itself as well as the number of boxes below it
in the same column. Finally, take the product of all entries for each tableau and take
the quotient of the first with the second tableau. For a Clebsch-Gordan series, follow
the below-mentioned rules:

(I): Fill the bozxes of the second tableau in the tensor product T} ® To with a in the
first row, b in the second and so on.

(II): Add the bozes with a, b, ... to T} that every augmented tableau is still a Young
tableau. If boxes have the same label, they must not appear twice or more in the same
column. Furthermore, for any given box position the equation n, > n, > ... is valid
(with n as the number of same labels to the right and above).

(III): Cross diagrams with the same shape off the tableaux except of one.
(IV): Cancel columns with N boxes.
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After these steps, the direct sum of irreducible representations is the output of the
process. Dependent on the tableau, it is occasionally a quite time-consuming procedure.
Altogether, it initially seems a bit vague, but we will make use of the advantages in the
future cross section calculations. Next, we will concretize the vague concepts by keeping
our eyes on QCD.

3.2. Colour Decomposition

With our knowledge about group theory, let us have a look at the QCD as an application
of the general concepts of the previous section. The group theoretical point of view on
the QCD starts with the SU(3)¢ gauge invariance of this theory. Aforesaid SU(3) group
is the N=3 case of the special unitary group SU(N) fulfilling the properties (for a group
element U):

1. Determinant: det U =1
2. Unitarity: UlU=0U0"=1

In terms of Lie groups, we deal with a (N? — 1)-dimensional differentiable manifold,
in QCD we have N = 3 (for each colour). This colour group is generated by the her-
mitian and traceless generators T which are also the generators of the fundamental
representation as N x N matrices. For the case of N = 3, there is the following corre-
spondence to the Gell-Mann matrices: T = ’\Z—a With the commutator as a Lie bracket,
we can construct a Lie algebra:

[T T = ifTe (3.4)

The structure constants f%¢ generate the adjoint representation since we can write
f¢ = §(T%)p.. One can derive a multitude of useful identities in order to calculate
colour factors for Feynman diagrams. A few of them are given in App. A, their compo-
nents will also appear in the vertex factors. Now, we should say a word about Schur’s
Lemma. The often quadratic Casimir called term T2 = Y N°Z1T0Ta — Co(T)Ey is ex-
actly a simple example of the Lemma from above where the coefficients depend on the
representation. In SU(3) symmetry, we have Cy(T") = 4/3; a value we will need a couple
of times in the calculations.

How can we interpret the aforementioned facts from a physical point of view? The
structure constants do not vanish in general, so we have a non-Abelian group. There-
fore, the (N? — 1) — 8 generators, the gluons, can interact with themselves in contrast
to the photons in the Abelian QED. The generators of SU(3)¢ can furthermore be seen
as rotation matrices in colour space. For an illustration, we define the wave function

Yo | =0 invariance : ¢ = U (3.5)
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The whole QCD-Lagrangian (3.6) is invariant under local rotations in colour space.

1
Lacp = —(FL,

1
%

The formulae contains the gauge covariant derivative D, = 0, — igs>., AuT* and
the field strength tensor Fj, = J,A; — 0, A} + gs f“bCAZA‘,j. Perhaps, the ghost term
c*(—=0"Dif)ct catches someone’s eye - ghosts will be a later topic of this chapter.

The Clebsch-Gordan decomposition was formally introduced before - this technique
might be well-known from the addition of angular momenta in quantum mechanics.
However, we are dealing with colour, not with spin, so we have to decompose tensor
products of colours of (s)quarks (3) and gluons (8). Thanks to H. Maschke - or rather to
the fact that the object of desire is a finite subgroup of SU(N) - we have the certainty
to carry out the decomposition into irreducible representations successfully. In order to
use the results later, we work it out with two squarks as well as with two gluons. We
follow the general procedure from the previous section using the Young tableaux. For a
general process in QCD, one performs the decomposition into irreducible representations
of the tensor product of our initial (r) and final state (R):

rer=E@Prq R®R=@R. (3.7)

(8“142)2 + (i) — m)y + c"(—=0"Dyf)cf (3.6)

The Clebsch-Gordan coefficients appear within the unitary basis transformation from
the tensor product space R ® R to the vector space (direct sums of single vector spaces,
respectively) of the irreducible representation:

€a1a2 = Z Cg;‘lanaa (38)
Ra

Therefore, we can write a vector like V= Varas€aras = 2R, Va€a. The main step is just
to form pairs P, = (r,, Rp) of equivalent representations from the initial and the final
states which means the subset of irreducible representations occurring in both the direct
sums @, 7o and Py Rg. We are now able to rewrite the scattering amplitude via

7 i 7 1 T R *
Ma1a2a3a4 = Zcz(zl)...m;M() C( ) = ——=Cp (C iy ) : (39)

a1a2a30a4 B aajaz\“~ Bazaq
dim(r,,)

The remaining task is only to carry out the decomposition with the usage of the
Young tableaux. We retrace the application of this method for the explicit initial state
r®7 = 3®3 (here: squarks, but also valid for quarks, of course) and the final state
R® R = 8 ® 8. Obviously, the initial state is much easier, so that we start with
r®7r=3® 3, expressed as:

D®H=_'@E
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Our Clebsch-Gordan series of §¢* can be written as 8 @ 1. Furthermore, if we express
the wave function like ¢ = (u,d, s) - at the moment the colour is not important, but
the quark types - the direct sum gives the observed meson multiplets, by the way. For
the tensor product 8 ® 8, the decomposition starts with the two Young tableaux and we
label the second like in (I).

We repeat step (II) thrice for every box at the right:

_ ( oo ] <] ) o @
a [a]
S - a ® [ & H S> ® [t]
In between, we cross off some diagrams according to (III).
ala a |a|
_ ( [ad] 11 o HY o [ ) o [
ala] [a]a] 2
- b 7] b alb
a] a]
S¥ a @D b a
0] o) alb
Now, the procedure gradually comes to an end: We do only step (IV)
= @ [EE e i) © @ @ [ @ !

This result can be seen as the irreducible representation of the tensor product of our

two gluons after using the rules for the dimensionality of Young tableaux:

8R8=2TR10010 P84, B8 D1 (3.10)
Hence, we end up with the pairs (due to colour conservation)
P, e {(1,1),(8,85),(8,84)} (3.11)
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so we can perform the decomposition in Chapter 5 by using the colour structures ¢
taken as an orthonormal basis satisfying

D (D) =5y (3.12)

We can give the colour basis explicitly - having in mind that there are other suitable
sets of basis vectors:

1
1
Cz(jgc “ NN N5z'j5bc (3.13)
2N
(2) a jabc
2 — T%d 3.14
ngbc \/(NQ . 1)(N2 _ 4) ji ( )

3 | 2 a rabc
Cz(jlzc = N3 . NT]Z/L‘]C b (315)

Here, we see several elements of the above-mentioned colour algebra in different repre-
sentations. With this knowledge and the relations in App. A, we are able to calculate
the colour factors later. Hence, we just ended with easily applicable tools for cross
section calculations in QCD starting from abstract concepts and definitions. The only
open question is the advantage of the procedure of decomposition: After a successful
decomposition, every interference containing an impossible colour flow is automatically
excluded from the whole squared amplitude - one directly sees which diagrams do not
have to be calculated. For NLO corrections, a more important feature of this technique
is the fact that the irreducible parts of the decomposed amplitude are convergent on
their own. Especially for a multitude of vertex corrections and/or real emissions, it is
convenient to divide the process into smaller parts to check the ultraviolet or infrared
convergence.

3.3. Ghosts: A Relic of Quantisation

Two vector bosons in the final state of our #;#; — gg process lead us to an obstacle
within the quantisation of non-Abelian gauge theories. Initially, we should have a look
at the permitted polarisations e;f'; (¢ = 1,2, transversely polarised) of the two gluons.
In QED, there is nothing to fear since the on-shell Ward identity M*k, = 0 forbids
unphysical polarisation states of the photon. Unfortunately, in some cases this does not
hold in the non-Abelian QCD anymore. By evaluating the amplitudes at tree level and
later applying the Ward identity, we are able to set a precedent for the ostensibly allowed
production of longitudinal polarisations (we call them here e:[/ ~ (k) for the forward and
backward lightlike polarisation vectors) - this unphysical phenomenon that we will easily
see cannot just be ignored. Furthermore, the violation of the optical theorem is as
unattractive as ignoring the appearance of ej/ ~(k). Where does this violation come
from? In the figure below we see the imaginary part of an internal loop related to the
tree level process that can be constructed by cutting the loop diagram. A look at the
completeness relation

G = €re F e 6 + > eae;‘l,T (3.16)
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betrays that the optical theorem claims to take every polarisation state (even the un-
physical) into consideration for the outgoing gluons, as the metric tensors appears within
the gluon loop (vector propagator). Apparently, there is something missing before a

Figure 3.1.: The optical theorem seems to be contradictory in non-Abelian gauge
theories.

non-Abelian gauge theory works consistently. The most elegant way of deriving the
additional Lagrangian to make the unphysical degrees of freedom disappear is, perhaps,
the method of path integrals. To do this, we must require the background knowledge
in the field quantisation procedure with the help of functional methods (introduction
in [41]). We simplify the QCD to a pure gauge theory (no fermions) leading us to the

easier functional integral
/DAexp[ /d4 (— (F®.) )1 (3.17)

for the gauge field A that can be transformed like (A%)f = AZ%—%DMOJI with the covariant
derivative D,. The path integral measure hereby does not change, the integration over
gauge motions « can be factored out. We follow the procedure of Fadeev and Popov
[42] who inserted an effective 1 into (3.17):

1= / Da(x)5(G(A)) det<5G6(Aa)> (3.18)

«

Within the determinant, we find a functional derivative. The idea behind this identity
is to bring the gauge fixing condition G(A) = 0" Af.(z) — w*(z) = 0 (generalised Lorenz
gauge condition) into the field theory - the evaluation of the functional determinant can
be done, if one remembers the quantisation of spinor fields #; where a helpful identity
appeared:

<H / d@;d@i>exp —0:B,;07) = det B (3.19)

This identity gave birth to the idea to express the determinant from above as a functional
integral over anticommuting fields ¢, later called FP ghosts (where the equation can only
be fulfilled if they are scalars under Lorentz transformation - they cannot be physical
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particles due to spin statistics):

1
det (8“DM> = /DcDEexp [z / d%é(—@“Du)cl (3.20)
g
The optical theorem is preserved by adding this ghost contribution to processes with to
non-Abelian gauge bosons in the final state (Fig. 3.2)

~ - ~ -
~ Ve ~ P

N ” RN P4

Figure 3.2.: The additional ghost contribution causes that the optical theorem holds
again.
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4. An Approach Towards
Supersymmetry

Based only on a proper respect for the power of Nature
to surprise us, it seems nearly as obvious that new
physics exists in the 16 orders of magnitude in energy
between the presently explored territory near the
electroweak scale and the Planck scale

-Stephen P. Martin, A Supersymmetry Primer [43]

4.1. Underlying ldeas

To get a sense what SUSY is about, let us start with a quite simple model in Fock
space (generally following [44]). We only place the demand on this model that it should
contain bosons as well as fermions (more precise: ng bosons and nyg fermions). Consider
two operators )+ that we want to call SUSY operators, with the following impact on
states in our Fock space:

Qi|ng,nr) x |ng —1,np + 1) Q_|np,np) < |ng+1,np —1) (4.1)

They obviously create a fermion/boson and destroy a boson/fermion simultaneously -
what we can interpret as a transformation of fermions into bosons and v.v. We would like
to demand energy conservation, as known expressed via [Hg, Q+] = 0 for an arbitrary
SUSY-Hamiltonian Hg. It is helpful to construct the hermitian operators Q1 = Q1 +Q_
and Q, = —i(Q, — Q_) because the ansatz Hg = @Q? fulfils the energy conservation.
Hence, we end up with a quite easy SUSY algebra:

[Hs, Qi) =0 {Qi,Q;} = 2Hs0;; (4.2)

Luckily, we encounter the mathematical definitions of the previous chapter in SUSY - we
see that Lie algebras and representation theory occur in a multitude of theories. With
our background knowledge, we see that this simple SUSY algebra is no Lie algebra as
we know it from quantum field theories within the SM since an anticommutator rela-
tion appears. The usage of an anticommutator in the new algebra extending the prior
QFT is exactly the way to maximise the symmetry of a QFT. It was proven by Haag,
Lopuszanski and Sohnius [45]:
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Theorem (1975): The possible symmetry of a consistent four-dimensional quantum
field theory becomes mazimal, if it contains a supersymmetry as a non-trivial extension
of the Poincaré symmetry.

We will come later to details about the Poincaré algebra. Thanks to this proof, the
correctness of a SUSY algebra as a generator of physically existent symmetries in a QF T
was mathematically well-defined. Only eight years earlier, Coleman and Mandula pre-
sented a proof that every generator of relevant symmetries should be Poincaré-invariant
(so every bigger symmetry is a product group of the Poincaré group and a group which
has nothing to do with spacetime.) [46]. The conditions of this work seemed to be gen-
eral enough, but one realised that also fermionic generators (see anticommutator from
above) of symmetries exist. The aforementioned SUSY algebra was just an introductory
one and should not be seen as a supersymmetric extension of the Poincaré group. The
simplest extension was constructed by Wess and Zumino [47] in 1974. We will now study
more in detail how an extension of an algebra could work.

4.2. Mathematical Background

4.2.1. Gradation: The Poincaré Superalgebra

While looking upon Figure 2.2 one probably asks where all these new particles shall come
from. What is the origin of this highly keen conjecture that every elementary particle
should have a (currently undetected) superpartner? As one perhaps knows, elementary
particles in Nature can be described as irreducible representations of the Poincaré group
including the Lorentz transformation as well as translations in the Minkowski space.
Group elements therefore perform a transformation of coordinates like z#* — ¥ =
Alx¥ + at. The algebra behind the Lorentz transformations is generated by the tensors
M# = LM 4+ ¥ where M* as a generator of rotations in the Minkowski space is
decomposed into inner and external rotations like angular momenta in quantum theory
(J = L+ 8). We can write the them like

v (oto” — atoV 0
wo_ oppv o vpp "
M" =t PY — oV P* + 0 v s
oto? — ot

; ) G = (Byy—5)  (4.3)

or in the short-hand notation ¥* = diag(c*”, &*") with the Pauli matrices o = (E», &)
and the four-momentum P* which also stands for the four generators of translations.
Altogether, the Poincaré group underlies a 10-dimensional Lie algebra with the following
commutator relations:

[P PY=0 [P, M7 =i(¢"F" — " P?)
(MM MP?) = —i(ghP M — gl MYP — g"° MH7 + g7 MHP)

By finding the Casimir operators P> = P,P* and W? with the Pauli-Lubanski vector
WH = %e"””"P,,MpU (relativistic description of the spin vector) - commuting with all 10
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generators -, we get our irreducible representations, characterised by (m,s) being the
fundamental properties of elementary particles: mass and spin. Back to our question
from the beginning: The enlarged particle zoo (augmented by taking SUSY into con-
sideration) can be obtained by evaluating a suitable Poincaré superalgebra and finding
the accompanying Casimir operators, too. The proceeding to widen a given algebra is a
well-defined concept in mathematics. The construction of a SUSY algebra from which
the supermultiplets result as a new sort of elementary particles, a mathematician would
call a gradation of the Poincaré algebra. Grading an algebra works as follows:

Definition 5 (graded algebra): A Z,-graded algebra is a direct sum of vector spaces
L= @?:_01 IL; with a product o defined as u; o uy € Ljik mod n, Ui € L.

Our next step is to construct a graded Lie algebra for the case n = 2 made of the
Poincaré algebra and the above-introduced generators of SUSY transformations @,. It
has a deviant quality in comparison to a normal Lie algebra:

Definition 6 (graded Lie algebra): A Z,-graded Lie algebra is defined by the fol-
lowing three properties:

1. Gradation: z;0x; € Li1; mod 2

2. Supersymmetry: x; 0 x; = —(—1)"z; 0 z;

3. Expanded Jacobi identity: x;,0 (z;02,,)(—1)F™ + 2, 0 (x,027) (= 1) + 310 (1, 0
o) (—1)"*

For the product Ly x Ly — Ly, we still have the Poincaré algebra since the SUSY gen-
erators do not appear in this map. A bit more challenging is the case of Ly x L; — Lj.
Of course, we should have a result factorised with @), - the SUSY generators define
the Li-space. For generic generators Z° of a Lie algebra, we expect the structure
[Z,Q.) < 21,Qp. The new Jacobi identity from above should of course be fulfilled -
inserting this ansatz yields directly that 2, has to be a N x N-representation of our
Lo-generators. We see that we are dealing with four SUSY generators, for the Lorentz
group we choose the inner rotations in Minkowski space, for translation we use the trivial
transformation, so we obtain the Lie brackets

[P, Q) =0 [M"™,Qu] = =X Qp. (4.4)

It remains the map IL; xIL; — Ly for which one often uses the ansatz {Q,, @y} x (7"C)ap
with the charge conjugation operator C'. The calculation is too time-consuming to work
it out here (see [44]). What remains is, together with the recently derived properties, a
Latin index-free version of the SUSY algebra:

Q. P =1[Q, P ={Q,Q} ={Q,Q} =0
Q, M"™] =o' Q [Q, M™] =5"Q (4.5)
{Q,Q} = 20, P" {Q,Q} = 25,P"
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4.2.2. Irreducible Representations of the SUSY Algebra

In order to obtain our new particles, we follow the same procedure as mentioned in
the former section - with the only difference that we have to construct another Casimir
operator representing the superspin, whereas P? still stands for the particle mass. The
operator C?, defined by C* = Y*PY — Y¥PF, commutes with all 14 generators of our
superalgebra where Y*# is an SUSY-extension of the Pauli-Lubanski vector - namely
WH — iQa“Q. This vector fulfils the well-known angular momentum algebra. First of
all, we are interested in the massive representation, so we can write:

C? = 2m?Y? — 2(Y, P")? = —2m?Y? = —2my(y + 1) (4.6)

In the last steps, we worked in the rest system of the particle and wrote its eigenvalues
with y = (0,1/2,1,...), not containing the mass as a prefactor anymore. Therefore, a
massive representation is characterised by (m,y) in analogy to our irreducible represen-
tations of the Poincaré group. Let us now create generation and annihilation operators
acting on a so-called Clifford vacuum |Q2) in order to see the action of the SUSY gener-
ators ) on a state |Z):

1 _ 1 5

These operators act on |Q2) := (f; )™ (f5)"*)|Z) with ny,ne = 0,1 (we let the annihila-
tion operator act on a state until no particle is in it - a vacuum) since it is natural to
assume the properties

fil) =0  f;1©2)=0. (4.8)
Obviously, we can construct four states with the operators {1, fi", f5", % fi7 £} Using

the definitions from above, one directly finds Y|€2) = W|Q) having the interesting conse-
quence: spin = superspin (also valid for the component s). Just the other three actions
on the Clifford vacuum are remaining questions to achieve a complete supermultiplet.
With some spinor algebra (which we cannot perform in detail; we refer to [44] where a
big part of this chapter is explained more precisely), one gets the following eigenvalue
equations:

WIHI0) = mly® + )7 19) (1.9
WOEHI0) = mly® — )51 (110

1
WO I 19) = myf 7119 (411)

These equations are crucial to read off the important supermultiplets for y = 0,1/2.
The chiral supermultiplet (m,0) describes matter - the quarks and leptons belong to
this multiplet as well as their superpartners we know from Chapter 2, Table 2.2. Ad-
ditionally, one also includes the Higgs particles and their superpartners (we will discuss
later why there is more than one Higgs boson). The chiral supermultiplet consists of
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fermions (s3 = £3), of scalars (no SUSY operator acting on |(2)) and pseudoscalar parti-
cles, when we construct the fourth state. The next-complicated representation is used to
describe interaction - we start with y = 1/2 and therefore a fermionic Clifford vacuum
and end up with a vector supermultiplet with the gauge bosons and their superpart-
ners (photino, wino, zino/bino before electroweak symmetry breaking, gluino). The pair
(m, 1/2) leads to particles with spin 1/2 (2x), 1 (2x) and 0 (1x) by using the f* for both
superspins y3 = +1/2.

We see that we reached our goal to understand why an extended algebra produces a
huge number of new particles only using algebraic techniques. Again, we have an as-
tonishing example that in particle physics the theoretical prediction comes before the
experimental detection in the most cases, and not vice versa as it happens in several dis-
ciplines of science. It is not surprising that SUSY does not exist nowadays, it is no exact
symmetry in our Universe. We therefore have the necessity to construct a symmetry
breaking mechanism.

4.2.3. Breaking the Symmetry

So far, we have only seen how particles appear by constructing a new algebra. This
overview was quite general and we have not talked about the expected ingredients of
a quantum field theory, e.g. Lagrangians, yet. We will now become more precise and
present briefly the way how the broken SUSY is currently understood. Apparently, we
are not able to equate the masses of the superpartners with the SM particle masses
since we would have detected them otherwise decades ago. During introducing a SUSY
Lagrangian (an elaborate procedure with several new elements that cannot be presented
here, we refer to [43]) for the easiest supersymmetric model, the MSSM with the number
N = 1 of SUSY generators ), symmetry breaking terms are needed to explain the
observed situation in a suitable way:

Lyssm = Lsusy + Lsoft (4.12)

The SUSY-conserving part is responsible for gauge and Yukawa interactions. Since we
have no concrete idea how the symmetry breaking mechanism works in detail, one intro-
duced an approach called soft SUSY breaking - the additional terms in the Lagrangian
include SUSY-violating mass terms and trilinear couplings. The mass hierarchy can
only be maintained for a positive mass dimension. These terms can be expressed in the
following way:
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1 - .
Loogi = =5 (MiBB + MWW + My + h.c)

— (M3);;Q1Q; — (M2)ijula; — (M3);dld;

— (M) LIL; — (M2)iélé; (4.13)

—m% HiH, —m?% HiH, — (b, H H, + h.c.)
+ (Au%gHuQﬂi] -+ (Ad)inin(jj -+ (Ae>z'de[~/iéj + h.C.

A multitude of new elements to be determined appear within this expression, which
makes this model problematic seen from the philosophy of science and also in general,
as we will see. The M; are mass parameters of wino, bino and gluino, whereas the M?*
terms are hermitian 3 x 3 matrices of the soft SUSY breaking mass terms of sfermions.
We will discuss the Higgs sector, including H,, /4, whose mass terms after soft symmetry
breaking are given in the third line. b, is hereby defined via the off-diagonal squared
Higgs mass term m2,. At last, we encounter the aforementioned trilinear couplings in
every possible way. Hence, we end up with 105 new parameters by the mechanism of
soft SUSY breaking - an unsatisfactory, however essential and necessary part of SUSY.
Fortunately, one can immensely reduce the number of parameters by using phenomeno-
logical models. For instance, the constrained MSSM (cMSSM) assumes squared scalar
masses and trilinear couplings to be flavour diagonal and universal - shrinking the pa-
rameter space to five dimensions. But normally, one wishes a model with not too many
constraints - the pMSSM (phenomenological) with 19 parameters is often used [48].

This section shall come to an end with mentioning more detailed approaches to the sym-
metry breaking that have been worked out in the last decades. The underlying principle
is the idea of a hidden sector where the origin of spontaneously broken SUSY is conjec-
tured. It should be transferred by so-called messenger interaction to the visible (measur-
able) sector. The hidden sector acts at incredibly high energies Aso 1 > Aciectroweaks SO DO
particles from this sector appear in the visible sector. Nonetheless, they have effects on
this scale by the messenger sector expressed via the soft breaking terms from the upper
Lagrangian, that transfer the breaking to the visible sector. This messenger interaction
might be gravity (gravity-mediated SUSY breaking) or gauge forces/gaugino mediation.
[49,50].

4.3. Motivation

The beauty of SUSY is for many physicists a handwavy argument for the truth of the
theory. Although there were several convincing cases in history of science, where a great
new model had got a ravishing shortness, this cannot be the main reason to believe in
SUSY. Nevertheless, there are other reasons making this theory promising and making
shortcomings of the SM disappear. Although we have already encountered the neutralino
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as a candidate for dark matter, two other interesting problems and how to solve them
with SUSY shall be explained.

4.3.1. Hierarchy Problem

The SM is just an effective theory, valid up to a certain mass scale A that is entered e.g.
for the Higgs mass corrections in NLO. The fermionic contribution carries a quadratic
divergence with a cutoff scale lying immensely higher than the electroweak scale. It
seems unnatural to cancel this divergence by a fine-tuned procedure due to the fact
that the gauge boson masses are protected by symmetries. The symmetry protecting
my, might be SUSY as the scalar loop correction arising from sfermions of the MSSM
(Fig.4.1) cancels the quadractic divergence in the following illustrative way (under the

N /
—_——— = WY = —— — -

Figure 4.1.: The cutoff parameter A might disappear, if the NLO contributions to the
Higgs mass consist of fermionic (left) and sfermionic (right) loops.

assumption of equal couplings A; = A )

2 2
Smi(f) + omi(f) = 817r2 (—A?AZ +m} 111(%) +AFA — m?; 111(7/;2)) (4.14)
f
This is a purely statistical result, as the negative sign has its origin in Fermi-Dirac
statistics of closed fermion loops. The hierarchy problem could be solved in a natural
way. Note, that logarithmic divergences In(A?) are still existent but weaker. One should
be aware of the fact that this cancellation seems only that stunning using the cut-oft
method to regularise the divergence with the parameter A. In other frameworks for the

evaluation of loops the effect of including additional scalars is less obvious.

4.3.2. Grand Unified Theories

Unifying every fundamental gauge interaction is the big dream of many physicists be-
lieving that in the beginning the Universe was ruled just by a single force. This dream
may be supported by the unification of electro- and magnetostatics in the 19th century
as well as by the theory of the electroweak force around 1970. The symmetry breaking
mechanism of the latter one acts at the electroweak scale. One assumes the energy of
the unification SU(3)c x SU(2);, x U(1)y of all gauge forces to be around 10'¢ GeV, but
unfortunately the coupling constants do not meet at a single point within the SM. As
we can see in Fig. 4.2, SUSY cancels also this problem, so a grand unified theory (GUT)
is allowed: Additional contributions to the running of the coupling constants allows for
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Figure 4.2.: A grand unification at a single point should be possible using SUSY [51].

their meeting at the GUT scale. We keep in mind that gravity is totally excluded from
these thoughts; a QFT of gravity is a problem of a frightening size. Nevertheless, SUSY
enters again the stage: Including gravity in string theories demands SUSY as well. Such
a theory can only be defined using supergravity. The assumption of a GUT yields a
pMSSM - rather a toy model -, by the way. We hereby equate the soft SUSY breaking
mass terms: M;(Qcur) = ma /2.

4.4. Specific Aspects

After this overview giving us an understanding of SUSY to a certain degree, we can
concentrate on specific components of the Minimal Supersymmetric Standard Model
that we will explicitly need in future calculations.

4.4.1. Ingredients: The New Particle Zoo

Despite having discussed a lot of aspects of SUSY, we are still unsuspecting regarding
the properties of our new particles within the MSSM, shown in Fig. 2.2. Apparently, the
MSSM yields 12 squarks arising from 6 left- and right-handed superpartners, the same
holds for the selectron, the smuon and the stau (the explicitly needed particles will be
treated in the coming subsection). One should note that these left- and right-handed
superpartners could mix non-trivially. More interesting, however, are the Higgs, the
neutralino and chargino sectors. Hereby, we have to distinguish carefully between the
(measurable) mass eigenstates of this sector and the gauge eigenstates. The Higgs sector
comes into being since the electroweak symmetry breaking absorbs only three degrees
of freedom, but the MSSM extension enlarges the number of degrees up to eight by an
additional Higgs doublet. Today, we therefore should find five Higgs bosons, namely
the neutral SM-like boson h°, a much heavier H, a pseudoscalar, CP-odd A° and two
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charged Higgses H* (obtained by mixing the gauge eigenstates (H;F, HO) and (HY, H;)).
Their fermionic partners are called Higgsinos. During symmetry breaking, Goldstone
bosons appear - they have the Goldstinos as superpartners.

The gauge symmetries in the MSSM are the same like in the SM (SU(3)¢ x SU(2) ., X
U(1)y), so it is unsurprising to find gluinos, winos (W°, W#) and a bino B° forming
a photino, zino and charged winos via the Weinberg angle 6y, as it happens in the SM
after symmetry breaking at the electroweak scale:

1v) = cos Oy | B°) + sin Oy |W°) |Z°) = — sin Oy | B®) + cos Oy |W°) (4.15)
1
V2

The uncharged particles we recently explained are the ingredients of the neutralino
sector, responsible for four neutralinos y; (Majorana fermions) with different masses.
They are obtained from the Lagrangian below:

W) = (W) F W) (4.16)

1 e
L= —5(\1/0)TM>2\1/0 +he W= (B W° H} HY) (4.17)
M, 0 —cosfBsinfymy  sin fsinbymy
M. — 0 Moy cos BcosBymy  —sin B cosbBymy
X | —cosBsinfymy  cosBcosbymy 0 —
sin #sinfymy  —sin 3 cosOymy — I 0

B is given by arctan(}*) with the VEVs v, 4 = (Hp g). My, the soft parameters, arise
from the electroweak sector in the SUSY breaking Lagrangian (4.13), p from the Hig-
gsino mass Lagrangian, see also [3]. In a similar way, the so-called charginos éfg (mass
eigenstates) consist of the charged gauge eigenstates, constructed with the Lagrangian

1

L= (U0 ) M (U5, 07) hee. W= (WHHD, WL H) - (418)
0 0 My v/3cos B
M — 0 0 V2sin Smy H
¢ My V2 sin Sy 0 0
V2 cos Bmyy W 0 0

4.4.2. Special SUSY Particles: Staus and Stops

Now, we comment more precisely on the SUSY particles of which the coannihilation
processes are calculated within this thesis. The left- and right-handed gauge eigenstates
of the staus and stops mix in a non-trivial way to mass eigenstates with indices 1,2. The
Lagrangian is constructed by mixing the sfermion sector via a mass matrix Mfc

_ _ M2 M?
Loy = X M2 M2 = ( e MJ;LR) (119

f fLR fRR

f
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We specify the ingredients of the mass matrix:

M3 = Mg 5y + (I35 — epsin®(0w)) cos(28)my +m} (4.20)
M}, = my(As — p(san §)177) (4.21)
Mf%RR = M?U,DE} + ey sin®(w ) cos(26)my + m7 (4.22)

Again, we encounter the soft SUSY-breaking masses M{Q} and the trilinear couplings
Ay. Over and above, the third component of the weak isospin, /3L, appears. e; denotes
the electric charge of the fermion, expressed in the quantity of the elementary charge e.
Our off-diagonal mass matrix becomes important in the third generation. In lower gen-
erations the mass eigenstates can be neglected without any problems. But having a look
at the off-diagonal entries, we find the fermion mass (increasing with the generation).
With the top quark mass in the off-diagonal entry, a considerable mixing is expectable.
The actual value is determined by the chosen scenario - we still have free parameters.

Diagonalising yields mixing matrices. For staus, we find the following rotation in the
vector space of gauge eigenstates:

2 2 2
Mz = (e ) = oy (T )0 1.23)
Mz Migg 0 mz,
M — m? — (5 — sin® Oy ) M7 cos 28 + m —m (AT + ptan j3) (4.24)
T —m.(A™ + p* tan 3) m2 — M2 cos 23 sin? Oy,) + m?2 '

The rotation operator is called mixing matrix, D7, and contains a mixing angle. In a
later scenario the mixing is almost maximal and should never be forgotten.

71\ i (70 [ cosBz siné:\ (71
<%2> =D (ﬁ%) o <— sinf; cos 9;) (%R> (4.25)

From the diagonalisation process, we obtain:

1
m72~—1,2 - 5 (m?'LL + m72~'RR :F \/(m%LL - m%RR>2 + 4m;1~'LR> (426)

Moreover, we can express the mixing angle as follows:

2
Ln (0< 6, <) (4.27)
\/m4 + (m72~'2 - m‘2?1)2

—m

cos;: =

TLR
The same holds for the heavy squark sector. For brevity, we simply give the mass matrix
from which everything earls can be derived.
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M2 — mZ + (5 — 2sin® Oy ) M7 cos 28 + m] —my (A" + pcot B3)
t —my (A" + p* cot B) mZ — 2M3 cos 23 sin” Oy ) + m7
(4.28)
M2 — mZ, — (5 — 3 sin® Oy ) M7 cos 26 + mj —my(AY + ptan )
b —mp(A® + p* tan ) mZ — £ M7 cos 23 sin’ Oy ) + mj
(4.29)

The bottom mixing is given since it occurs in virtual corrections in the stau annihilation
process on the side of outgoing heavy quarks (generically implemented).
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Annihilation

Stop-antistop annihilation into gluon pairs gives birth to uncountable Feynman diagrams
at next-to-leading order. We introduce the process by evaluating the colour decompo-
sition and calculation at Born level and continue with self-energies of the propagators.
These are also needed for the renormalisation procedure of propagator and vertex dia-
grams. We leave comments on special difficulties like non-trivial symmetry factors and
give at least an overview of the real gluon emissions. Finally, a description of interference
terms with the virtual diagrams is given.

Figure 5.1.: The process #;t% — gg contains s-, t- and u-channel. Due to indistinguish-
able final states, the t- and u-channel are strongly related. A trivial channel
is given by the 2-squark-2-gluon vertex that does not include a propagator.
All dashed lines indicate the lighter stop.

5.1. Calculation at Tree Level

The process of annihilating stop-antistop pairs into gluon pairs allows for several ampli-
tudes. By taking every possible MSSM interaction into consideration, we end up with
the Feynman diagrams in Fig.5.1. As we know from previous discussions, we are not
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allowed to ignore the ghost contribution in Figure 5.2 coming from the final state of two
gluons in the s-channel (same indices). It was shown by S. Schmiemann that the light-

t .

Figure 5.2.: As described in Section 3.3, gauge fixing requires Fadeev-Popov ghosts. Al-
ternatively, the light-cone gauge can be taken into consideration. The in-
verted flow of the final ghost is a different diagram and has to be calculated
separately.

cone gauge leads to the same numerical results. Later on, we naturally have to correct
also the ghost vertices that would not appear in a different gauge. But first things first.

5.1.1. Decomposing the Amplitude

Before we calculate the amplitudes explicitly, we should use the technique of colour
decomposition to split the total amplitude into the direct sum arising from the Clebsch-
Gordan decomposition. In order to conserve the colour, the following pairs from the
direct sum in Section 3.2 are allowed: (1,1),(8,85),(8,84). A short look at the colour
structure of the s-channel diagram tells us the direct proportionality to (3.15), so this
channel (also including the same colour factor of the ghost contribution) only appears
in the antisymmetric octet. For the remaining channels we have to work a bit more
and make use of the relations of the colour algebra in App. A.3. We extract the parts
of the amplitude equation contributing to the singlet and the octets by multiplying
the cg-g,c with the colour factors. We obtain (after some steps of colour algebra) the
irreducible representations of our amplitude. Luckily, the squared total amplitude fulfils
the following relation (orthonormality basis):

Miotar = My + Mgs + Mga — |Mtotal|2 = |M1\2 + |MSS’2 + ‘M8A|2 (5.1)

We present the final result - the colour decomposition of our squared scattering ampli-
tude:

N2 1
M,y |* = v (| M2+ | My 4 2l MMy | + 4| My|? + 4 MM, | + 4| MyM,]) (5.2)
Cr(N3 — 4N
|Mas|? = F(4)(\Mt|2+ |Ma|? 4 2| MMy + 4| M| + 4 MM, | + A MM,

(5.3)
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(N? = N)

(Msal® = 5

(I M2+ | My |* =2l MMy |+ 4| M P4 MM | — 4 M M) (5.4)
This technique shows us directly the allowed interferences and gives colour factors for
every cross section automatically. Next, one has to calculate the squared amplitudes
explicitly.

5.1.2. Evaluating the Possible Feynman Diagrams

In this subsection we will give the amplitudes of our five Feynman diagrams, whereas
the Born cross section expressed in Mandelstam variables for all squared amplitudes is
given in Appendix C. The procedure of calculating cross sections might be well-known
- it follows always the same easy steps of writing down the amplitude M, squaring and
contracting it and expressing it via s, ¢t and u. At this moment we just obtain the
differential cross section g—g - conventionally in a spherical coordinate system to tell us
the distribution of the final particles, dependent on the space angle element df). The

procedure of integration works as follows:
1 _
/ do = / IM|2dPS™ (5.5)

Here we find the flux factor F', given by

F= 4\/(p1p2)2 — (mymg)? = sv (5.6)

with the relative velocity v of the incoming particles with masses and momenta m; and
p; as well as the phase space element dPS™ for n outgoing particles (here: 2, for real
emissions 3):

n d3E n

dPS™ = L] (2m)*™ — >k 5.7

(1_[1 2Ej(271‘)3 ( W) p1+ D2 Z:l Ji ( )
Jj= j=

The Dirac distribution guarantees the conservation of momenta and contains the mo-

menta k; of outgoing particles, too. With this knowledge we are prepared for the cross

section at leading order.

s-channel: This is perhaps the most cumbersome calculation due to the three interact-
ing gluons. All following vertex factors as well as propagators can be found in Appendix
C. The choice of the momenta is the intuitive one, which means that the momenta go in
the direction of time (p; and p, in the initial state, k; and ko in the final state). Taking
into account every needed factor except of the colour structure of the s-channel yields:
: 2
—9; v v v % *

M = — (P2 = P1)* Gapl9™ (k1 + 2k2)" + " (k1 — ko)’ — g""(2k1 + ka)”€,, (k1)e;, (ka)

(5.8)
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s is the Mandelstam variable (see C.1 kinematics), gs is the coupling strength of strong
interactions, furthermore the outgoing gluons are described with polarisation vectors €*.
For the squared amplitude, one just has to rename the indices and to conjugate ¢*(k;),
the contraction will be done via the relation 3 e, (ps)es(pi) = —gap appearing within
the summation over all possible polarisations of a vector-like particle in the final state.
Hence, we easily obtain:

4
M = %5 (02 = p2)op2 = pO)al™ (b + 2k)" 9"y = ka)” = (2 + Ra)'] -

(67 (ky + 2ka)T + g7 (k1 — ko)® — g% (21 + K2)°) 9 90
(5.9)

But with the knowledge about ghosts, we are aware of the incompleteness of the s-
channel calculation: The outgoing Fadeev-Popov ghosts split up into two diagrams since
the particle with momentum k; can be a ghost or an anti-ghost and vice versa for ks.
As the vertex factor carries only the momentum of the particle, we add two similar, but
not equal diagrams:

;2

(D = P1)*Garp (F1)p — 22 (py — p1)* Gy (k2) (5.10)

c 2
. —1g; . s
S S

M, =

Squaring the amplitude is in this case a trivial procedure. Immensely easier is the treat-
ment of the...

...four-vertex:. Without colours we merely get:

My = iggg“"e;(kl)e;(kz) — [My|? = 4g? (5.11)

t- and u-channel: Finally, we can calculate the remaining diagrams simultaneously by
interchanging k; and ks.

;2

1
My = (2p1 = k)" (2 — k)€l (k)€ (k) (5.12)
t1
s 2
1
My = (2p1 = ko) 0 2y — k)€l (k)€ (k) (5.13)
t1

After the integration, the whole Born cross section is already calculated. This is of
course not sufficient for a convincing result - it follows a much more time-consuming
part of the next order in the perturbative series.

5.2. NLO Corrections

In this section we assume that the reader is familiar with the technical procedure of
loop calculations and give just a quick overview of the coming calculations. Techniques
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used in this chapter are explained in App. D in detail. Let us first recapitulate the
basic ingredients of a full calculation beyond the Born cross section: For an acceptable
precision, one normally has to work out the perturbative series up to the second order.
At next-to-leading order (NLO), the one-loop corrections appear in the Feynman dia-
grams. The loop integrals over the internal momenta have the inconvenient property of
being divergent in several cases. These divergences turned out to arise from ill-defined
Lagrangians (see the coming subsection) that can be made calculable with the procedure
of dimensional regularisation/reduction. To eliminate the poles, one must include the
counterterms obtained from the self-energy of the particles (renormalisation), subtract-
ing the UV divergences, and in the same way real corrections (e.g. gluon emission),
responsible for the IR divergences. Due to the famous theorem of Kinoshita, Lee and
Nauenberg [52], the whole Standard Model has IR-convergent cross sections by taking
into consideration every integrated real emission process (which can be expanded to
supersymmetric models):

O_NLO — do_virtual + dOJ’@‘ll (514)
2—2 23

Now, we will retrace the full NLO calculation step by step.

It should be self-explanatory that the description of all NLO calculations would blow up
the main part in an irresponsible way. We give the results in the appendix instead, the
coming subsections are in fact rather a summary of and a commentary on all permitted
diagrams.

5.2.1. Self-Energies and Counterterms

In order to make the loop integrals calculable, we use the common method of dimen-
sional regularisation. Their evaluation is done with Passarino-Veltman integrals, whose
theoretical background is described in Appendix D. The following figure gives the set of
the four possible squark self-energy diagrams. Treating the gluon is a bit more extensive

<~
/ \
- - - 4 ——»—é %L—»— + I ) +
\ / \ ;
~> 7 o e - X - -

+ ———>—%——>——— = ——-»O—-»——

Figure 5.3.: Four loops added to the counterterm yield a UV-convergent squark self-
energy.

(seven diagrams, Fig.5.4). With these diagrams, the propagator corrections are com-
plete. This point is appropriate to mention a handful of facts concerning counterterms
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+ @m@)@m:%@ﬁﬂ@m

Figure 5.4.: The gluon self-energy known from the Standard Model is extended by squark
and gluino loops. Combinatorics with gluino loops is dangerous as they are
Majorana fermions. The counterterm can be separated into SM and SUSY.

as the self-energies have to be known to calculate them explicitly. So what is the basic
idea behind the procedure of renormalisation? After having identified the inconvenient
divergences, the challenging task of absorbing them is still remaining. This problem was
solved by the insight that the (so-called bare) Lagrangian we used for calculating the
tree level is ill-defined and the bare elements (mass my, field ¢ and coupling strength
Ao) have to be rescaled, what is commonly performed by multiplicative renormalisation:

Py = \/Z@% = <1 + ;5Z¢> Pr (5.15)
Mo = ZAr = (14623 \n (5.16)
mo = Zmmg = (1 +0Z,)mg (5.17)

where the NLO expansion Z; = 1+ 6Z; + O()\?) was performed. The redefinition
yields the renormalised Lagrangian with the structure of our bare one, just with rescaled
ingredients, and additional counterterms (drawn with a crossed propagator in the figures
from above) containing the 0-terms with a new set of Feynman rules. The occurring
diagrams will absorb the UV divergences. Let us have a look at the squarks or rather
their bare Lagrangian )

L§ = 0u5,0" o — Moo 1o, (5.18)
that shall be replaced (via rescaling the wave function ¢y, and the bare mass mgbi like
above) to

q ~% ~ ~k ~ 1 q ~x ~ ~k ~
L= 0uG; 0" q; — mng' q; + 552% (aNqZ' o' — méqi Qj)

+ 5(025)" (0,07 0"G; — mag;q;)

~k ~

— om; G, i
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— LE=1L1 4 6LT (5.19)

TeEn

where the d-terms side absorbs every UV divergence appearing within the squark sector.
The indices ij represent the mixing of the squarks which later makes the renormalisa-
tion procedure more laborious in contrast to the quarks. In general, one extracts the
counterterms from the self-energies II(p?), what can be carried out in different renor-
malisation schemes. Probably, the M S scheme (minimal subtraction) is the canonical
way to get rid of the divergences, since the counterterm subtracts simply the pure pole
without additional terms, so it can be directly read off from the self-energy terms. In
the M'S scheme also the finite term —vg + In4r is subtracted as it appears in every
tensor integral (see App. D). This procedure is used for dimensional regularisation with-
out supersymmetry. Its SUSY equivalent is the DR scheme - the dimensional reduction
namely preserves the supersymmetry (main difference: vector bosons are D-dimensional,
not four-dimensional). For directly measurable particles, one introduced the on-shell
scheme with the simple idea that the renormalised mass must be equal to the physical
one. The counterterms are derived from two renormalisation conditions, setting on the
one hand the masses equal and on the other hand asking the residue to be 1:

1

ReIl(p?)|2—mz = 0 pghﬁ% mn(ﬁ) =1 (5.20)
If one wishes to derive a vertex counterterm, one simply has to sum over the coun-
terterm components of the vertex, i.e. all appearing wave function counterterms and
the renormalised coupling. The propagator counterterm is obtained in the same way:
i[(p* —m*)0Zy — m%0Z,). The gluon and squark renormalisation is explained in detail
in App. D. Within our collaboration, a hybrid-scheme consisting of the on-shell and the
DR scheme is used. Dependent on how many parameters are renormalised on-shell, one
may obtain fairly different cross sections that we will analyse in Chapter 8.

5.2.2. Vertex Corrections and Boxes

We consider the vertex corrections for the incoming squarks, the outgoing gluons (not to
forget the ghosts) and the 2-quark-2-gluon-vertex: By taking into account every allowed
coupling of particles given in App. B, one finds a multitude of corrections presented in
the following figures. This set of diagrams has been supported by the FeynArts output
for our process. Its algorithms yield the wide range of corrections automatically, but in
a possibly confusing notation, especially in complex processes. The longest calculation
within the vertex corrections affects the 3-vector topology (Fig.5.5).
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5. Cross Section of the Stop Annihilation

Figure 5.5.: The three-gluon corrections produce thousands of lines of code. However,
they build a direct sum of Standard Model and SUSY diagrams that must
be separately convergent. The pure gluon loops cancel with the ghost-loop
- they are untouched from the counterterm. Some rotational invariances
simplify the abundance of diagrams.

We encounter gauge fixing again at next-to-leading order (Fig.5.6).

Figure 5.6.: Gauge invariance demands ghost in the final state, exchanging a gluon as
well as two virtual gluons decaying into ghosts.

In analogy to the tree level, we have to consider both possibilities of the ghost-anti-
ghost creation (antiparticle can be created above and below the virtual gluon). This
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5. Cross Section of the Stop Annihilation

enlarges the number of diagrams by a factor two. The scalar topology of our incom-
ing squarks is a bit easier to handle. Nonetheless, there is a considerable amount of
corrections, shown in Fig.5.7.

Figure 5.7.: These vertex corrections are of paramount importance as they appear in
a fivefold manner within the tree level diagrams. They also appear in the
process in [92], the results can be used for a cross-check.

One can easily check that every conceivable correction of the t- and u-channel can be
extracted from the above-mentioned ones, where only the momenta and their direction
as well as the particle masses have to be adapted. Additionally, the four-vertex involves
diverse NLO contributions (Fig. 5.8)
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5. Cross Section of the Stop Annihilation

.

Figure 5.8.: The kinematical structure of all these diagrams is more or less simple. How-
ever, combinatorics and colour factors make life harder. Only a handful of
diagrams are renormalised by the counterterm. One observes, for instance,
that every loop containing two particles of the same kind are cancelled by
those that have three particles of this kind (only concerning the poles).

Last, but not least: Box diagrams entail longer calculations due to the four internal
particles and vertices. Therefore, every result is given in the appendix in order to keep
the main part of the thesis in a limited scale.
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5. Cross Section of the Stop Annihilation
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Figure 5.9.: The boxes do not need any counterterm. Power-counting theorems tell us
that no pole survives.

The u-channel-like boxes can be evaluated via the simple interchange k; <> ko. Luckily,
box diagrams are convergent as a whole. There remain two additional NLO corrections
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5. Cross Section of the Stop Annihilation

due to the Fadeev-Popov ghosts in Fig.5.10 (of course again containing both flows of
the outgoing ghosts, so in fact four boxes):

~ - ~
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_. 0000000000 - .
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Figure 5.10.: The last virtual corrections are box diagrams with ghosts in the final stat.
Both directions have to be calculated.

We will construct the explicit counterterms to renormalise the vertex corrections in the
appendix. This subsection needs a further remark as this process contains the following
danger: To forget taking into account non-trivial symmetry factors of our NLO diagrams.
In a perturbative expansion of correlation functions, one performs in fact a camouflaged

evaluation of expressions like
t
T{exp U Hf(s)ds] } (5.21)
t

by Wick contractions. T stands for a time-ordered product of field operators, H; means
the interaction Hamiltonian derived from the Lagrangian of the field theory. Expand-
ing (5.22) explicitly is a quite lengthy and, in the most cases, unnecessary work as the
construction of Feynman diagrams like above perfectly works only using Feynman rules.
These rules are constructed in a way that, hopefully, no symmetry factor unequal to 1
occurs. This probably holds for 95 percent of cross section calculations. However, this
is not the case for the current process, so we have to make use of [53]

Wick's Theorem (1950): The time-ordered product of arbitrarily many field oper-
ators can be expressed as their normal ordering added to all possible contractions of the
field operators.

Normally, this theorem is introduced for scalar field theories and, possibly, fermions.
In [54], a way is developed to determine symmetry factors also in QCD and other com-
plicated field theories (the results can be extended to SUSY-QCD). We will now briefly
carry out such a procedure for one diagram. All symmetry factors will be given directly
in the loop amplitudes in Appendix D. Exemplary, we investigate the gluon loop from
the 3-gluon topology:
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5. Cross Section of the Stop Annihilation

In this case we have to expand L3, + L4, up to order O(g?) and take the mixing term
of the binomial in the second order of the Taylor series:

(02 A(m)A(y)A(z)m / d'w A (w) / d*v A3 (v)|0) (5.22)

x, vy, z denote the on-shell gluons, we integrate over the two gluon fields in the loop. In
this equation we used that the Lagrangian densities can be written in such a way, that
the vector fields are treated as scalars:

Ls, = ™ x [kinematics] x %[A;A‘;A;] (5.23)

2
L4y = [kinematics, colour] x %[AZA?,AEAf] (5.24)

It solely remains to perform the contraction of the gluon fields and to count every
combinatorial factor for the contraction of indistinguishable virtual fields. With three
ways to contract A(z) and A(v) (two remaining A(v)) and four to contract A(y) and
A(w), therefore three to contract A(z) and A(w), we end up with the loop contraction
of A%(v) and A?(w) leading to another factor of 2. Thus, we have 72/144 = 1/2 as
our combinatorial factor. Including (Majorana) fermions is a bit more involved, but the
techniques are the same.

5.2.3. Real Emissions

Already at first sight, the structure of our LO diagrams provides an insight into the
numerous possibilities of emitting a gluon or gluons decaying into quark pairs. Applying
SUSY Feynman rules shows the number of additional diagrams that all have to be
interfered with each other:
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5. Cross Section of the Stop Annihilation

Figure 5.11.: Real corrections to the s-channel (we ignore gauge fixing diagrams).
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Figure 5.12.: Real corrections to the t-channel, the same structures naturally occur
within the u-channel.
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5. Cross Section of the Stop Annihilation
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Figure 5.13.: Real corrections to the four vertex.

Once again, we encounter ghosts for gauge fixing reasons. The multitude of additional
diagrams is omitted in this section. There are two main difficulties being a hindrance
to complete the entire NLO calculation within this thesis. The first one is simply the
fact that treating every diagram is too time-consuming for this work. To work out
every interference properly, a huge effort of automatisation is needed. The second is
more problematic: In general, there exist two ways of performing 2 — 3 phase space
integrations in order to get an infrared finite result: The phase space slicing method as
well as the dipole subtraction method (s.a. Chapter 6). We will explain, why the latter
one is favourable. But currently, the framework for processes with initial scalars is not
developed.

5.2.4. Constructing the Total Cross Section

At the moment we just have shown the corrections to the tree level themselves, but not
how to deal with them in order to get our object of desire: An UV- and IR-convergent
cross section at next-to-leading order. Adding the virtual corrections we showed before
means effectively nothing than changing the coupling constants of the vertices: Having
in mind the Born cross section contributions

| Meign + M + M, + My (5.25)

it becomes clear what has to be done at NLO: Every vertex correction carries, in com-
parison to the tree level vertex factor, an additional factor of g2 or rather ay, so we get
the next contribution of the perturbative series going with a. To stay at this order -
one order higher than the Born cross section - we cannot simply plug in every corrected
vertex into the tree level expressions, but for every squared amplitude just one correc-
tion. Consider for instance the term |MZ£©|2: We have now the possibilities of inserting
the corrected left or right vertex (2-squark-gluon or 3-gluon vertex) for one of the am-
plitudes. The UV-divergent parts are always proportional to the tree level amplitude,
so we are able to use the factorisation |MZLO|? x (qu‘;_di” + dogg + Agjgv_dw + d34). We
add the counterterms arising from the propagator corrections for the respective vertex
that should cancel every divergent A-term in the Passarino-Veltman integrals (see App.
D). One might ask what happened to the rest of the vertex corrections being ultravi-
olet safe: Unfortunately, these contributions to the complete NLO calculation have a
different kinematical structure compared to the tree level amplitudes. Therefore, every
possible structure has to be treated in a separately calculated amplitude.
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5. Cross Section of the Stop Annihilation

To get an overview of all vertex corrections inserted into the amplitudes, we first consider
the s-channel (the indices [, denote the corrected left and right vertex):

MU M|+ [MET M|+ [METM,| (5.26)
(M Mana| + Mg Mo (5.27)

g
Naturally, the 4-vertex has only one possible correction:

| MET My| + M M| + IMET M, (5.28)

We found during the colour decomposition that no interference with the s-channel is
allowed. It becomes more complicated in case of the t- and u-channel (the indices a,b
stand for the above and below corrected vertex):

IMPP M| + IMEP M| + |[MEPMy| + |MEPM,| (5.29)
IMEE M|+ MM, + [ MMy + | MEEM,| (5.30)

One should keep in mind that these contributions only contain the virtual corrections
at the vertices. Additionally, the propagator corrections have to be filled in, performing
the same procedure. The gluon propagator from the s-channel also has factorisable
corrections; its divergences are absorbed by the counterterm §7,: |[MLO|2 x (I, +§7,).
The same has to be done for every possible interference. Furthermore, every box B; can
be interfered with every leading order diagram:

6
| <Z Bi) M
=1

Ghosts are interfered separately: |(B7 + Bg) - Mgy|.

(5.31)

Be aware of a global factor 2 in front of the interferences. It remains the treatment
of the infrared divergences, absorbed by the real emissions. The Cutcosky rules for cut-
ting Feynman diagrams show the effect of adding the real corrections diagrammatically
(s.a. [41]). Afterwards, the whole process is free of divergences, a goal that cannot be
achieved within this thesis. To get a sense what the treatment of the real emissions will
be about and to describe first results in developing a formalism to treat massive initial
scalars, we wrote Chapter 6.

Although conventions and notations are completely different, we emphasize the exis-
tence of [55]. Martin and Younkin describe the SUSY-QCD corrections to the stoponium
decay into hadrons and photons precisely since they explicitly give every appearing ul-
traviolet and infrared pole. The corrections to the incoming stops should be comparable
and useful for further calculations and checks. This recommendation brings this chapter
to an end.
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6. Developing the Dipole Subtraction
Formalism

After having spent much time in the infinite-momentum regime, we now turn to the low
energy (soft singularities) and small-angle (collinear singularities) regions in phase space.
To get rid of these infrared poles (occurring in both the virtual and real corrections),
two main methods have been developed over the last decades - phase space slicing and
dipole subtraction. They have in common that the analytical calculations are solely
performed in a minimal region in phase space, namely in the vicinity of the IR poles.
As these calculations are separated from the whole process, they can be worked out
in a generic, process-independent form. Roughly speaking, one carries out the phase
space integration once and for all. Phase space slicing is indeed a suitable name for the
procedure - one simply truncates the phase space in such a way that all soft regions can
be reduced to an integral of the form (consider 2 — 3 processes with involved particles
a and b and the radiated one carrying the momentum k)

Bk 2(ab)

Tav = [ car 20 (a) (kD) (6.1)

with a small cutoff energy of the radiated particle AE. The numerical integration is car-
ried out down to the cutoff value needing much CPU time in the singular limit AE — 0.
Subsequently, one has to check the global independence of the result from the arbitrarily
chosen cutoff value. To avoid such singular numerical integrations, the dipole subtraction
formalism seems favourable. The long-standing experience with the implementation of
other processes of DMONLO supports this assumption. There exist different formalisms
by Catani and Seymour [56,57] for NLO-QCD and for massive fermions by Dittmaier
[58] (we follow the latter one). Unfortunately, NLO corrections have been interesting up
to now mostly in collider calculations. Initial scalar (massive) particles have not been
considered yet as they naturally do not occur in these experiments. We introduce the
general approach to eliminate the poles and translate the methods for massive fermions
to massive initial scalars afterwards.

6.1. On the General Concept of Dipole Subtraction

Following the notations in [58], we introduce M; as the transition matrix element of
a process involving a radiated photon/gluon. Without radiation, it is reduced to M.
They have the corresponding phase space measures d®; o. Due to finite, non-zero masses
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6. Developing the Dipole Subtraction Formalism

of the initial squarks, we focus on the soft region (k — 0), where logarithmic IR singu-
larities appear. We obtain an asymptotic proportionality of the upper squared matrix
element allowing for a factorisation. The additional prefactor of |M,|? is an auxiliary
function that we will call gfgb), containing the belonging splitting function. The first
Greek index denotes the particle that will give birth to infrared singularities (emitter,
initial or final), the second denotes the uninvolved spectator (initial or final). The four
combinations cover every thinkable emission process. In Fig. 6.1 the processes of interest
are shown diagrammatically. The crucial step is now to add a cumbersome zero, called

~ k k
t1 N t1 N
AN g X\ g
Pa Pa
N N
\ \
/
’ )
7 Di
¥
, Po

%
tl /7

Figure 6.1.: The real corrections to #;£; — gg contain initial scalar gluon emitters with

initial (left, g((l‘zuz))) and final (right, géjw)

left to the right.

) spectators. All momenta go from

the subtraction function M,;:
/dqh Z |./\/l1|2 = /dq>1 (Z ’M1‘2 — ’MsubP)—i-’Msub‘z (6.2)
Ao Ny

It is parametrised by ®; and has the same asymptotic behaviour of the squared 2 — 3
matrix, meaning |M,;|* oc 3 A | M |? for limy_o or lim, ;o (the sum over )\, denotes
the summation over the gluon’s polarisation states). Thus, the non-singular difference in
the equation from above can be handled numerically. The singular limit, instead, can be
integrated analytically, if My, is appropriately chosen. We note that the factorisation

/ d®, — / dd, / (K] (6.3)

with the photon/gluon phase space [[dk| is valid, where ® may indicate a non-trivial
product (e.g. convolution). As mentioned before, [[dk]|M|> can now be calculated
generically and is applicable to every process of this kind. Altogether, the expression

/d¢1%|M1|Z:/d®1<%IM1|2— |Msub|2>+/d<i>0® (/[dk]wsubﬁ) (6.4)

contains a non-singular ®; space and a single-gluon/photon phase space integration,
somehow entangled with the space ®( of the non-radiative process - responsible for the
remaining poles within the virtual corrections.

29



6. Developing the Dipole Subtraction Formalism

6.2. Real Emissions of Massive Initial Scalars

[57] provides a suitable framework to work out the dipole formulae for massive initial
scalars in analogy to the fermionic case. Naturally, a couple of changes have to be
considered - we exclude any spin flips, the splitting function differs for scalar emitters,
the colour flow must be adapted. The latter one can be factorised from all operations in
phase space. Luckily, the convenient phase space parametrisation of [57] does not lose
its validity. For completeness, the calculation of the single-gluon and 2 — 3 phase space
integrals has to be performed for both initial and final spectators leading to lengthy
expressions comparable with gluon radiation off fermions. We are convinced that our
dipole formulae for the 2 — 3 phase space have equivalent, but shorter brothers, but in
principal, we present a possible technique how to solve the non-trivial integrals. In case
of final spectators, perhaps another strategy has to be developed. We give a warning
that this part of the thesis shall rather yield inspirations and hints. It does not contain
reliable, checked results - a complete derivation of the dipole formulae is beyond the
scope of this work. But the following insights may support the final steps.

6.2.1. Initial Emitter and Spectator

We begin with the left process of Fig.6.1 by giving the proportionality factor of the
matrix elements in the asymptotic limits, namely the auxiliary function

2 2
(sub) . 1 2 9 xabmal . 1 |}3 xabma]
b = —2- = A(Tap) — 6.5
’ (pak)xab 1— Lab pak (pak>$ab qq( b) pak ( )
with the splitting function P,;(x.). We abbreviate
a - ak - k ak
PaPb DPaDb
and
Py =p,+po — k 5= (pa +m)? 5=5—m2—m} (6.7)
The asymptotic behaviour can be characterised via the following limits:
pO _ /{?0
it =" e =t imgse =0 e =0 (65)

The integrand is therefore determined, we are now interested in the parametrised phase
space (derivation: see [58]). With an auxiliary parameter x, we define the convolution
with the single-gluon phase space as follows:

1 - 52 ya () 27
/m dz [ do(Puy(w)s alw) + ) X (@m /M Ay | d@) (6.9)

Aap denotes the Kéllen function with the arguments

A(s,m2,m}) = % +mi +my — 2m2m7 — 2m2s — 2mjs. (6.10)
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6. Developing the Dipole Subtraction Formalism

After parametrisation, the original momenta are mapped to p#(x) and P%(z) still ful-
filling the mass-shell relations:

. 5 5z +m? . 3
Pi(z) = Rap() <p5 — 5,0 ) +—r @) =)+ (6.11)
b

with, for the sake of brevity:

6.12
™ (6.12)

ST+ m2)2 — dm2m?

Rab('r) = J ( g) =t

Using the definition below, we can perform the first y-integration over the auxiliary

function g((l‘ZUb) leading in the end to elementary integrals (the previous angle integration
leads to a trivial prefactor of 27).

su 1'52 y2(x) Su
Gii s 0) = 5 [ 0 s K (6.13)
a 1T
5+ 2m? Vb 4m2s
Yi2(x) = B (1-2)F 5 (1—2)*— gzg (6.14)

We multiply the splitting function with @ (first and second term) and with g—z for the
last and obtain

G (s, x) = \/i—ab [12_‘2 1n<zjgg>+2”§x (yix) - ij)ﬂ . (6.15)

We completed a main step - the single-gluon phase space integration is already done.
Qc(bzub)(s,x) will occur in the treatment of infrared poles in virtual corrections. The

4-distribution allows for a harmless treatment of x — 1:

Uofl@) o fle) = f()
/0 TR /0 ST (6.16)

1—aly

The y-integration boundaries yield the maximal value of z:

2mgomy — mz

Zo {L‘lz]_—

M (6.17)
s s '

The kinematical lower bound zy is explained in [58]. An artificial gluon mass m, was
introduced in order to regularise the singularities analogously to dimensional regularisa-
tion. Under certain circumstances, this regulator is not needed any more: We split the
x-integration as presented in [58]

1—¢ 1
[ a0+ [ dr g s,) (6.18)
. 1—e€

0
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6. Developing the Dipole Subtraction Formalism

with an infinitesimal e. This trick simplifies the integration enormously: In the vicinity
of x1 we can set every x in non-singular terms to 1, whereas, in the remaining region,
mg = 0 is possible without producing singularities. This provides

1n<y2(x)>:ln<§+2mg+\//\_ab>:: In(dy). (6.19)

y1(x) S4+2m2 — Vw

One can furthermore show that

2 2 2
Ma_(_ i — i —1 (6.20)
vV /\ab S+ QmZ + /\ab S+ 2m§ - )\ab

holds. Therefore, some easy substitutions lead to:

/1 “dr G (s ) =2 <§ln£d1) n 1) [n(e) —In(1 —zo) — e+ (1 —20)]  (6.21)
) ab

We are now interested in the vicinity of xi: Inserting this upper boundary will lead
to logarithmic mass singularities. Cancelling the roots in y; 2(x) is not self-explanatory
any more - the integration becomes fairly non-trivial. We follow another path than in
[58] - for the scalar splitting function this ansatz seems reasonable. Nevertheless, the
mathematical structure can be reproduced - we obtain polylogarithms, too. The desired
transformation of the y boundaries in the logarithm In(au £ bv/u? — ¢?), u = 1 — x, shall
lead to one generic integral

/xm In(ax + B)dx (6.22)
with m € R. We found that

cn du n—1
- —_— =
V2n—1 dn (2n — 1)%

cancels the roots within the logarithm after a few steps. We work out the transformation
to (6.22) explicitly (using n = (2 +1)/2):

2\/_/dzln<aib +ajb>-<—jz+\/;—z4ﬂ+i> (6.24)

We solve these four terms with generalised hypergeometric functions

pFy(ar, .. ap; 01,0, b ZH

k=01i=1

u =

(6.23)

k + a; (6.25)

q k
,1;[ k+b)1?

and Eulerian dilogarithms Liy(z) (definition to be found in App. D) [59]:
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S 2 4 23/2&'

—1)"'x |2 In(&; i sl i ——
5 )\ab;( )X c\/En(fz—l—’y)—i-S o Ca 1( 379 )

2c 421/2¢, 11 &=
== In(&z + 7 R
+\/E n(&z +v) + - o 1( 29,

+4In(y; — &) In(z + 1) + 4Li, (M +4L12< S )

i — i & — i
(&=
—2In || In |z| + 2Lig | =—
r}/A

(2

542m2 &V Aw 542m2 F vV w
51,2 = As Y12 = As (6-26)

Their quotients (in the logarithms, induced by the upper sum) yield, by the way, d; or
1/d;. Plugging in the boundaries 2y(z; — 1) — 1 and 2y(—¢) — 1 simplifies this expression
by setting the gluon mass to zero, my, = 0, in non-singular terms - a procedure that
should be performed carefully. The mathematical structure of the results in [58] can be
rediscovered using

In?(—2) .

5 (6.27)

Lig(1 — 2) + L12<1 _ i): () -

Like in [58], our mass-regularised subtraction formulae shall contain only logarithmic
singularities. The translation into dimensional regularisation is performed with (s.a.:
App. D)

,LL2

g

A few words dedicated to a simple implementation of special functions: With a lot of
algebraic effort, one could transform the hypergeometric functions to dilogarithms in
order to obtain a comparable result to [58] for fermions using

Lig(2) = 23F5(1,1,1;2,2; 2) (6.29)

Instead, we rather recommend an easy, quickly converging implementation of both o F}
functions the series, if needed:

1 =g\ > 1 =&\
Z2l<:+1< Y ) 2 2k:+1< Yi ) (6.30)

k=0 k=-1

by exploiting several relations of the I' function. It interpolates the factorial, implying
I'(z + 1) = 2I'(2), and has the special values

F(n—l—;): (2”2_”1>Hﬁz (42:2!!\/7_? F(;): Jr F<—1>: —2y/7  (6.31)
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Due to different prefactors, the hypergeometric functions unfortunately do not cancel
at all, but the series simplifies the upper expression. In App. E we comment on the
convergence behaviour as it is of own interest (see coming chapter). The second part
of the y-integrated splitting function (6.15), containing the boundaries au + bv/u? — ¢2,
again with 1 — z =: u, disappears after lengthy, but simple algebra. We make use of

(n — m) arctan (ij’i%j?)

Jm—n

/ 'x =Vr2—m+ (6.32)

(n — m) arctan (”“2_7”"

/dm\/:zf2 -m evm=n ) N In(|va? —m+ z|) — In(|vVz? —m — z|)
x2—n N vmn — n? 2 '

Inserting the substituted boundaries reduces the integration to

S ©1 2mie 1 1 m2
- - = a In(|—1) =0. 6.34
e e =0, (63

We refer to [58] how to achieve a numerically accessible form of the convoluted phase
space integrals.

(6.33)

6.2.2. Initial Emitter and Final Spectator

Compared to this case, the dipole formulae of the previous section were of dreamlike
shortness. Welcome to the jungle of abbreviations - we start with kinematics:

P =pi+k—p, P2 =P: —m?—m?— mz Nia = AP, m2,m?) (6.35)

a a?

\/(Rga + 2m2z)? — 4m2 P2 x?

R, (x) = 4 6.36
(@) o (6.3
P2(P2 +2m2)1 —x
ia(T) =1 = 6.37
riafa) = 1+ 2 2T (6.37)
The momenta in the case of final spectators (or vice versa) shall be expressed as
al’i ak - zk al’i
= PaPi + P p Zig = L (6.38)
DPaPi + pak PaPi + pak
Again, we can give the asymptotic behaviour:
0 _ /{ZO
limz;,, =1 lim z;, = Pa lim z;, =1 (6.39)
k—0 Pak—0 pg pik—0
0
limz, =1 lim z,=1 lim 2, = "= (6.40)
k—0 Pak—0 pik—0 p) + kO
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The structure of phase space parametrisation is fairly similar to the previous case. The
following convolution

/“d /d (5:(2), Py — Pr ) + py) e —L0Pi2(5) /W)d T, (6.41)
2o T ¢ Pi\T), Py ias Pa\T pb)4(27r)3 \/:Rm(x) 2 () Zia 0 Py .

together with redefined momenta

P2 4+ om2x P2 +m?2 —m?
5 (1) = poy Zia T 2T pi i pr 6.42
) = o (o4 oy e T e
pi(x) = ph(z) + P, (6.43)
and
A(8,m2,m ~ _
Pia = (—g) §= (pa +pb>2 (644)

A(s,m2,m3)

is the basis of the coming integration procedure. A suitable definition for the single-gluon
phase space integrated result is, for later purposes:

F4 ZQ(zi(L)

(sub) 1 p2 (sub)

P, ) bia) = / ai a i?k d ai 6.45
g ( i Tia) 2\/7Rza<xm) o1 (@i g (Pa; pi; k)dz ( )

The integration boundaries, however, are this time quite lengthy.

P2P2 — x(P2 + 2m2)) F \/PA(1 — 2)% — dm?m2a? /Xy Ria ()
z10(z) = (6.46)
’ 2P2|P} — x(Pg —m2)]

Our last ingredient is of course again the auxiliary function in analogy to 6.5. We
inserted the SUSY splitting function and obtained the expression

1 2 xX; 7712
(sub) k) = — 2R, o) — —— 6.47
gaz (pa’p“ ) (pak)CCm [2 LTia — Zia m(a:m) pak ] ( )

which provides after several elementary integrals:

g p2 gy _Ph { 2 m([l—Zz(x)H?—x—zg(x)])

@) = B T "\ 2@~ 7 — () 015
- 9Ry () In [ L2 ) B S |
- 1-2@)]) P, [1-2() 1-zu()
The convolution, namely the x integration with the boundaries
_p2
T > ta 0 </ P2 <mg,—m; (6.49)

2mq(mq — \/P2)
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6. Developing the Dipole Subtraction Formalism

Py 2mimy 2

T o, im0 o0
is performed with the same separation technique as in 6.2.1. Applying the methods from
this subsection is possible, but would lead to an irresponsibly complicated term. Under-
standing the calculations of [58] (nonetheless, the fermionic result fills roughly one page)
would at least shrink the result a bit. Thus, we cannot recommend using our methods
for this case, so we only give the single-gluon phase space integrated dipole formula. A
time-consuming retracing of S. Dittmaiers approach seems to be a reasonable way to
obtain also a useful expression for scalars.

X1

For the attentive reader, it did not remain a secret that also a gluon radiation directly
from the squark-gluon vertex can occur. In this case, the determination of emitter and
spectator is in vain. However, such an amplitude cannot produce both soft and collinear
divergences - these finite terms will be added without having developed a dipole formula.
Colour was a dominating topic during within the thesis. For the dipole formulae, we
should not forget the colour flow as well.

6.2.3. On the Colour Flow

The previous subsections dealt with uncoloured initial scalars. In the underlying work,
[58], the colour flow is not implemented (QED), but the author recommends the formal-
ism of [56], explicitly worked out for a handful of cases, to formulate the colour flow for
further cases analogously. We consider a (SUSY-)QCD process with m = 1,2, 3, ... final
and additional initial (a, b,...) partons, described by an amplitude

MCI7~~~7szca7~~~§517~~~y5m75a~--

m,a... (Ma---,Pm,Pa,----)- (651)
To explain the indices, let us construct a vector in colour and helicity space

1
11, ...,m;a, ... >ma. i =——=(|C1, .., Ci} Cay . > @|S1, .., S} Say v >)

T ne(a)... (6.52)
% Mcl,...,cm,ca,...;sl,...,sm,sa...(ph ey Pos Das )

m,a...

with

|Mm,a...|2 =ma..< l,.omia, . |1 ... ,ma, .. >, (6.53)

syt

The helicity space is spanned by the particle’s spin index s, whereas ¢ denotes the colour

index of every parton (1...3 for squarks, 1...8 for gluons). Initial coloured particles

demand the normalisation factor —L— that we already included in the tree-level
v/ ne(a)... y

calculation. It is now important to see, how the colour-charge operator 7; acts on these
vectors and which properties are needed for the coming evaluation of the colour flow.

Ti = t5le > [T, T;)-=0 T2=0C; (6.54)
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6. Developing the Dipole Subtraction Formalism

The squared operator becomes a Casimir operator C; = Cp for (s)quarks and C; = Cy
for gluons. In our terminology, we can write the concept of colour conservation in the
following way:

(Zﬁ+7;+...>|1,...,m;a,... >ma.=0 (6.55)
i=1

In order to understand the later calculation, we take a look on operators acting on a
squared matrix element:

J 2 _ - '
My = < Lm0, T T i
1 *
— ay...by..bj... c c al...ag...aj...
7%3((1)... [Mﬂ;’a"{ ! ] thaIthaJMWi,a...I ’

(6.56)

The colour-charge operator of an initial parton a becomes the colour matrix in the adjoint
representation in case of gluons, (7,)5; = i fpea, and in the fundamental representation
in case of (s)quarks, (7,)55 = —1T5%, (for antiparticles, change sign and Greek indices).
Catani and Seymour give the following dipole formula for initial spectator and emitter
(notation explained in 7.1 and in [85]):

T T

Dai,b —
2
Tai

300 < 1,2,3;ai, b|< V“i’b> 11,2,3;ai,b >34 (6.57)

a 2xabpakj

using definitions of 6.2.1. The splitting function gflzub) is a matrix V® in the helicity

space. One can show that the colour structure cancels exactly to 1. We take a last look
at the case of final spectators:

3ap < 1,2,3;ai,b| (mvg> 11,2,3;ai,b >34 (6.58)

DY = — 7

2$iapak

In this case, a small calculation yields a factorised colour structure f®¢7Te.
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7. Sommerfeld Enhancement of the
Annihilation of Staus

In the author’s Bachelor thesis [30] the much smaller process of annihilating staus into
top quarks was calculated up to NLO corrections (for the Higgs propagator). An addi-
tional calculation, often having even greater impact on cross sections than NLO correc-
tions), is the procedure of resummation.

7.1. General Remarks on Previous Work

For any details, we refer to [30], but at least a brief overview of the stau annihilation
processes is adequate to mention, before the resummation is performed. The Born cross
section contains several propagators, but only in the s-channel (Fig.7.1). The staus and,

Figure 7.1.: Tree level diagrams of stau-antistau annihilation into top-antitop pairs: Pos-
sible propagators are CP-even Higgs bosons h°, H® and photons/Z-bosons.

simultaneously, the final quarks, couple to the CP-even Higgs bosons (to the pseudoscalar
only in case of mixing 7y 2) as well as to the uncharged electroweak bosons. The Higgs-
vector-interference is extremely small - compared with the other interferences by a factor
of 107%. Some kind of symmetry we do not understand yet suppresses this contribution.
As it is valid also for squarks, one QCD (gluon exchange) and one SUSY-QCD (gluino
exchange) correction occur on the right hand side of the s-channel diagrams:
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7. Sommerfeld Enhancement of the Annihilation of Staus

Figure 7.2.: Only the Higgs-top-top/vector-top-top vertices are corrected by SUSY-
QCD.

Since we only have coloured final states, the number of gluon emission diagrams is
quite small, never containing collinear divergences, by the way.

Figure 7.3.: Four possible gluon emissions from the final quark states.

These real corrections only regard the virtual gluon exchange as the exchange of
massive gluinos is infrared convergent. The phase space integration is, in the most
cases, quite far from trivial and only possible with the help of numerical integration.
This rather convenient process, instead, allows for an analytical treatment of the final
state phase space since it can be factorised and treated independently from the initial
state. In analogy to the aforementioned tensor integrals, a couple of basis phase space
integrals were developed by A. Denner [60], containing an artificial gluon mass A (in the
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7. Sommerfeld Enhancement of the Annihilation of Staus

denominator) that gives birth to the infrared divergences:

( ) 1 d3p1 d3p2 dSq
mo,mi,M2) = — | = =0 =
O T 02 | 9k, 2F, 2F,

(+2gp;,).--(£2qp;,,)
(£2qpi, )-..(£2qp;,,)

In this notation a particle with four-momentum py decays into two particles with mo-
menta p; and po; one radiates off a gluon with momentum ¢. For the scalar products
with ¢, one has to choose the negative sign for the index 1,2. The explicit expressions
of these integrals are given in App. D. In analogy to the counterterms, the singularities
are matched subtractively as it can be seen in the following exemplary expression:

oo = 41m4 [; In </{2> — = (m{ —m3)In <61> —mgIn 501 (7.2)

0 A2momymea B2

The divergence is contained in the pole In(\?), obviously diverging for a vanishing pho-
ton mass.

[A'jlv""zjm
115-tn

(7.1)

X 0(po—p1 —Dp2 —q)

An essential requirement for the application of this method is, of course, the factoris-
ability of the left and the right vertex, as the phase space integrals only contain the
momenta of the final states. Since a factorisation could not be find for the vector-Higgs
interference, the dipole subtraction method was chosen to treat these real corrections
numerically. Furthermore, it gave us the chance to compare the absorption of infrared
divergences by the analytical and the numerical method. Unfortunately, the calculation
of the cross section is more time-consuming due to the numerical integration of the 2 — 3
phase space. One integration has to be carried out over the whole 2 — 3 phase space
(counterterm for the real emissions), the other one goes simply over the single phase
space of the gluon. This integral, occurring in

/2%2(d0'm'”’6:0 T do,tree ® I|e:0) (73)

is quite lengthy and shall be written with some abbreviations [86]:

_ Crgi (47) TR} , m
=T se (g [\se) (e memed =y

Lalmad) | 2111(“2) +5— Q(Q)]

Cr 512

We will give details on the dipole formulae in App. F. Following again [57], we can
also use an analytic expression for the squared auxiliary matrix element for the 2 — 3
process:

(7.4)

|IMP3)? = D315+ D3y (7.5)

The dipole contributions D;;; are functions of ki, ks and k3 where the index structure
denotes the emitter pair ij (i=3) according to the momenta k;, k; and the untouched
spectator k (App. F). Naturally, these expressions can also be factorised with the tree
level contribution.
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7. Sommerfeld Enhancement of the Annihilation of Staus

7.2. Sommerfeld Corrections

After having performed precision calculations in relativistic quantum field theory, we
will now follow a completely different path of stating cross section results more precisely:
The low-energy regime of small relative velocities of our incoming staus leading us to
Schrodinger equations of two-body wave functions W;;. The coannihilation region in the
MSSM is probably the most relevant case where these additional corrections are needed.
A suitable ansatz to describe this system is the theory of bound states in a quantum
field theoretical version. In our case, one may call this state a stauonium, structurally
equivalent to e.g. a positronium or exciton state. A general theoretical framework is
provided by the Bethe-Salpeter equation [61] that has to be specified for our purposes.
It has the generic form of a recursion relation (Dyson equation) G = S15; + S159K12G
including a two-particle Green’s function G = (Q¢;...04|Q2). The S; stand for the
free propagators and K for the interaction kernel. The recursion may become clearer
by drawing its diagrammatical interpretation in Fig. 7.4. Repeating this recursion step

?;

Figure 7.4.: Applying the Dyson equation iteratively, a ladder-like diagram comes into
being. Each step adds one exchanged photon.

yields an infinite sum of exchanged virtual particles standing for an arbitrary interaction
between the constituents forming the bound state. Apparently, we obtain a corrected
vertex up to all orders of the interaction of interest - one chose the name resummation to
describe it (this word should be handled carefully as it appears in several contexts). This
special kind of resummation was named Sommerfeld or Coulomb enhancement. Such
calculations have been performed in various ways - we cite the for our purposes most
important work [62]. The diagram from above belongs to the two-body Schrodinger
equation (with reduced masses m;; and decay width I'):

(-2 o v ) = (8 T (75)

The potential of course depends on the current interaction (QED: Coulomb potential,
QCD colour-dependent Coulomb-like potential, multiplicative Yukawa term exp(—mr)
for massive bosons,...) and can be expanded via the S-function of its quantum field the-
ory. Now it remains to find a Green’s function describing the dynamics of the stauonium-
like state with the help of the Bethe-Salpeter equation. With this expression, we end
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7. Sommerfeld Enhancement of the Annihilation of Staus

up, in our special case, with the ladder approximation of the Bethe-Salpeter amplitude
[ including an exchange of infinitely many photons (Fig. 7.5). Let the staus exchange a

T1 q

- > > > > — /
e e e R T \
7 i

Figure 7.5.: A multiple photon exchange between the initial staus is the key element of
the Sommerfeld enhancement in QED.

photon with momentum p — k, the momentum ¢ shall be defined via ¢7 = (2m;, + E,0)
(binding energy E). Then we can write the Bethe-Salpeter equation as [63]

- &k T(k,q)V (- k)
T(7q) =1 / ’ . .
:a) =1+ | o) T = k2 jms, 1T (7.7)
By defining
- T(k,E +iT-
G E+iTs) = —— Lk E+ils) (7.8)

[E - k2/m’?1 + Z.Fﬁ]
and inserting into the upper equation, we see after Fourier transformation that G is a
Green’s function to the Schrédinger equation from above:

(H — E —iT'+)G(7, E +iT3) = 6®(7) (7.9)

The choice of the general potential V:‘;Z; will be a NLO-corrected Coulomb potential in
case of our QED resummation. We need the QED [-function of the running coupling
to express the potential (Fourier-transformed from momentum space) [64,65]:

V() = O‘(";f) {1 + O‘(ﬁf) l260<1n(#c77) + 7E> + all} (7.10)

vg = 0.5772 indicates the Euler-Mascheroni constant,

> Q3 (7.11)

4
3 !

20
Cllz—?Zch Bo = —
f

are values where the second is derived from the one-loop [-function containing all
fermions f up to the scale of the typical momentum exchange. We will comment on
the Coulomb scale p¢,

pe = max {ppg, 2ms - vs} (7.12)
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7. Sommerfeld Enhancement of the Annihilation of Staus

in the next chapter, when the scale variation is taken into consideration (up = 2ms, -
a: inverse Bohr radius). Now, we are ready to give the Sommerfeld-enhanced result,
factorisable with our leading order amplitude:

TSGR = 0; /5 +iT5)] x oL (77 — t) (7.13)

T1

o (P = t) =

In fact, only the 7= 0 Green’s function is known in an analytic expression

a m2 Q
(o)ms3, « | gro + (1e)
A7 47

G(0;4/s +il3) = gyro + O0(a?) (7.14)

that will be discussed in App. E.

Finally, we remark that these results are based on the implicit assumption of an s-
wave-dominated matrix element. Only this fact guarantees the strikingly simple fac-
torisability. The term s-wave has its origin in the partial wave expansion in quantum
mechanical scattering theory. This series is usually expanded in powers of the scattering
angle, where the exponent [ indicates s-, p- and d-waves motivated by the quantum
number [ for electrons in an atom. As the annihilation process only occurs in the s-
channel, the scattering angles do not appear in the matrix elements. Therefore, our
chosen computation is justified. The approximation fails, if higher partial waves domi-
nate parts of the leading-order amplitude and the amplitude depends on the momenta
of the Sommerfeld-enhanced particles. In this case even the leading-order Coulomb
potential has to be modified (we refer to [63]). Nonetheless, higher partial waves are
suppressed by orders of the relative velocity v, so processes with t- and u-channels can
be treated in the same way after an in-depth look on the performed partial wave decom-
position.

Present research deals also with a multiple Higgs exchange leading to similar ladder
diagrams [66] under the assumption of light Higgs bosons (compared to the initial parti-
cles). The formalism can be transferred easily. Related to the Bethe-Salpeter equation
is, furthermore, the formation of bound states emitting photons/gluons. This process
was rediscovered from the theory of exotic quarkonium states and is now applied in order
to improve the precision of dark matter (co-)annihilation processes. [67]
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8. Numerical Results

After all calculations, we will come now to the numerical investigation of our imple-
mented code. First, we briefly introduce to the background of the chosen scenarios in
the SUSY parameter space. Then, we discuss the percentage importance of stau anni-
hilations for the dark matter relic density with the help of a mass scan. We analyse the
impact of our NLO corrections and the Sommerfeld enhancement on the integrated cross
section and the resulting shift of the relic density. Moreover, the gravitino is discussed as
LSP. The main results led to the publication [31], in which we also perform an analysis
of theoretical uncertainties arising from renormalisation scale and scheme variation.

At least an analysis of the leading order contribution to the stop annihilation into gluons
shall be performed.

8.1. Stau Annihilation Into Top Quarks

8.1.1. Phenomenology of the Chosen Scenarios

In SUSY the explicit physical properties of the particle content are - as described in
Section 4.2 - entirely undetermined. In fact, there is an endless number of possible
points in the 105-dimensional parameter space. In this study we constrain the free pa-
rameters and end up with 1943 values of a special kind of the pMSSM. A huge amount
of data was produced after the LHC Run 1, in which the sensitivity to supersymmetry
was investigated within the ATLAS project. This analysis is based on proton-proton
collisions at /s = 7 and 8 TeV and interpreted in the context of the pMSSM with
neutralinos as LSP. The points in the parameter space have to be in accordance with
certain constraints from LHC searches: Mainly, the Higgs mass of the scenario has to
be congruent with the observed one (myo = 125 GeV) and the parameter point must
not be in conflict with rare decays like b — sy or By — p*pu~. With the help of these
restrictions, the gigantic parameter space can be reduced to specific regions. Possible
scenarios are written in so-called SLHA (SUSY Les Houches Accord) files [82,83] we
used to implement the needed parameters. They are listed in the table below. We can
neglect Scenario II for a while, as it corresponds to the gravitino analysis. This table
contains several parameters we encountered in Chapter 4: The M; mass parameters and
1 were already in the context of SUSY-breaking. Now, the spectrum calculator SPheno
3.3.3 [35] needs a particular value, at which the symmetry breaks - the SUSY-breaking
scale Q (can be expressed via the physical stop masses: ) = NACRITA ). The trilinear
and Yukawa couplings, A; and y;, occur regarding the couplings of (s)fermions to Higgs
bosons; the mass parameters are self-explanatory (note that they are given in the gauge
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8. Numerical Results

| |1 T | 11
Mg, | 1599.9 5000 M, 546.0 5000
M;, | 3007.0 5000 M, | -3461.7 5000
Mg, | 39044 5000 Ms; | 3126.7 5000
My, | 3093.0 5000 A 5246.7  -3000
My | 3096.7 5000 A, | -2530.3 1000
M, | 5816 5000 A, | 15864 5000
M;, | 3586.7 5000 tan | 18.0 22.0
Mz, | 563.6 1800 I 2643.6 5000
M, | 3950.4 5000 mao | 29623 5000
Mz, | 5855 1846 Mo 540.6  4915.8

| Q | 3047.8 5000 | ms 540.7  1810.8

Table 8.1.: Scalar soft mass parameters, gaugino mass parameters, trilinear couplings,
and parameters related to the Higgs sector at the input scale ) for two
reference scenarios I and II within the pMSSM. We also indicate the resulting
physical masses of the lightest neutralino and the lighter stau. The values of
the remaining physical masses are not displayed here, as they are not relevant
for our study. The gravitino mass for the study of Scenario II will be specified
in subsection 8.1.4. All dimensionful quantities are given in GeV.

eigenstates, mixing matrices may lead to the observable states). We do not explicitly
give the Yukawa couplings as they are defined solely by SM parameters (explaining the
notation 19+3 parameters), therefore small deviations appearing in different scenarios
arise simply from the running of the renormalisation group equations. tan(f) is equal
to the ratio of the VEVs (H?) and (H?) (see 4.4). A sufficiently small value prefers top
quarks in the final state as their coupling to the Higgs is proportional to sin™*(3). We
also give the physical stau and neutralino mass calculated by the mixing angles. The
physical neutralino is due to vanishing mixing a pure bino in both scenarios. Due to less
interactions than a Wino-like neutralino (corresponding to SU(2);, with more thinkable
coannihilations), the relic density of the bino-like LSP is bigger. The lighter stau is
strongly mixed, the mixing angle corresponding to cos?#; =~ 0.42 and sin? 0> ~ 0.58 for
Scenario I and cos? 6 ~ sin? 0 ~ 0.50 for Scenario II.

For the understanding of the relevance of stau annihilation it is necessary to discuss
the mass degeneracies appearing in the table. In Chapter 2 the Boltzmann equation for
the neutralino number density contained the averaged annihilation cross section. All
the possible interactions of dark matter can be expressed in a generalised version of the
annihilation cross section, containing every possible (co-)annihilation process:

nid n;? (pi - pj)? —mim}
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8. Numerical Results

Processes \ I 1I
T = it 31.5 25.9
Ty — vy 12.9 21.4
717 — hOR® 10.0 2.2
71xX) — ¢h° 9.2 -
AFE = 0, v 7.4 8.4
71Xy — 02° 7.0 -
XY — Ly 6.0 -
iy — WHW- 6.5 11.3

Table 8.2.: Relative contributions in percent of the dominant annihilation channels con-
tributing to the annihilation cross section o,,, in the two reference scenarios
I and IT defined in Tab. 8.1. Here, £ and v denote arbitrary lepton and
neutrino states, ¢ = e, u, 7 and v = v,,v,,v,. Further contributions below
5% are omitted.

In this thermally averaged expression, the ratios of the equilibrium number densities n®
are suppressed via the so-called Boltzmann factor:

[
ns?

néq ox exp[—(m; —my)/T]| (8.2)

X

This proportionality tells us that only small mass differences between the coannihilating
particles are responsible for a reasonable impact on the whole relic density. These
approximative degeneracies often occur in the investigated SUSY scenarios (usually
LSP+NLSP). For small freeze-out temperatures 7', the suppression factor increases -
in our case, this value turned out to be 26.6 K. The small mass difference between stau
and neutralino can be directly be read off from the table.

Scanning the stau and neutralino mass a few GeV above and below the values of the
chosen scenario is a good opportunity to identify regions in the parameter space in which
the process of interest has greater importance for the relic density. In Fig. 8.1 we can see
how strongly the percentage impact may differ: By varying the two key parameters bino
mass M; and the left-handed stau mass parameter Mz, in the vicinity of our parameter
values in the upper table, we find a value for the neutralino relic density for each point in
the plane. Taking the experimental value of this quantity, a Planck-compatible ribbon
can be drawn in the plane. This is of course in the near of the line with equal masses of
LSP and NLSP, in accordance with the Boltzmann suppression. The deep green regions
are of particular interest as stau annihilation yields a considerable contribution to the
relic density. In general, this scenario possesses a handful of further dominant channels
we summarize in Tab. 8.2. Unfortunately, these are insensitive with respect to QCD
corrections and, therefore, no other processes implemented in our code can be used to
improve the precision.
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Figure 8.1.: Parameter regions in the M;—M>, plane that are compatible with the Planck
limits given in Eq. 2.5, where the relic density has been computed using
micrOMEGAs. All other parameters are fixed to those given in Table 8.1.
The red dot indicates Scenario I defined in the same table. The green
contours correspond to the contribution of the process 7,77 — tt. The black
contour lines indicate the difference mz —mgo in GeV between the physical

masses of the lighter stau and the lightest neutralino.
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8. Numerical Results

8.1.2. Cross Sections and Their Theoretical Uncertainties

In present dark matter research not only the experimental uncertainty is a quantity that
has to be dealt with. At next-to-leading order, theoretical predictions may differ, depen-
dent on the renormalisation scale and scheme (a small uncertainty at NLO excludes the
necessity of higher-order calculations in order to reduce possibly upcoming uncertain-
ties). In order to estimate their reliability, it is a common method to perform a variation
of the scale ug for investigating the sensitivity of our NLO results. More precisely, we
vary around the central scale of 1 TeV and analyse the ratio of these results and those
of 0.5 TeV and 2 TeV, respectively. Due to the aforementioned hybrid-renormalisation
scheme, a handful of the parameters in Table 8.1 are renormalised on-shell; therefore,
the ugr variation is only relevant for the masses and couplings which are taken in the
DR scheme. We postpone the scale variation and discuss the scheme dependence first:
Our two renormalisation schemes should be defined.

e DMG®@NLO scheme: m; and trilinear couplings shall be renormalised in DR
scheme, my, m;,, my and my, are defined on-shell, mixing angles and mg, are
dependent parameters (can be calculated using the remainder)

« alternative scheme: m,; and trilinear couplings renormalised in D R scheme, m;,,
my, and mg, defined on-shell, mixing angles and mg, are dependent parameters

In Fig. 8.2 we show the stau annihilation cross section with parameters from Scenario I
and as a function of the centre-of-mass momentum p.,,,. The corresponding thermal dis-
tribution is plotted since the Boltzmann equation contains the thermally averaged cross
section. A velocity distribution demonstrates these momenta which are most relevant
to calculate the neutralino relic density.

In the figure the black micrOMEGAs line does not coincide with our tree level results, due
to different Yukawa couplings (the former one uses effective couplings). The Sommerfeld
enhancement enters the stage, as expected, for small relative velocities and enlarges the
cross section, as the QED interaction is attractive. The annihilation process becomes
more likely. The interesting point in our standard renormalisation scheme is the (ap-
proximate) cancellation of the NLO results with the Sommerfeld enhancement yielding
no visible corrections to the leading-order results. That accident gave the motivation
to investigate the sensitivity of the cross section regarding the renormalisation scheme.
Turning to our alternative scheme changes the definition of the top-quark mass. To
change consistently, we demand

mO% + omP% = mPE 4 smPr (8.3)

Hence, the top mass appearing in the tree level calculations changes massively leading
to rather different cross sections (the difference is larger than 30 %): In the alternative
scheme the leading order is the lowest line. This implies that NLO and Sommerfeld
corrections are not subtractive any more - we see a considerable shift. The impact on the
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Figure 8.2.: Annihilation cross section of the process 717 — tt as a function of the
centre-of-mass momentum p.,, for Scenario I of Tab. 8.1 using the standard
DM@NLO scheme (left) and the alternative scheme (right). The upper
panels show tree level results and different levels of corrections that were
discussed in Chapter 7. The lower panels show the corresponding relative
corrections. The grey areas indicate the thermal distribution in arbitrary
units.

NLO results, however, is relatively mild (4 %). This fact guarantees a good reliability
of the second order of perturbation theory. Taking into account higher-order corrections
will not visibly affect the theoretical uncertainty. We plotted the discussed ratios in
Fig.8.3.  Now, we turn back to the mentioned scale variation. Again, it is rather
important if the SUSY parameter is renormalised in the DR scheme, otherwise it is
insensitive with respect to the renormalisation scheme. It is worth mentioning that all
other SUSY parameters were read at the central scale, as we are only interested in QCD
corrections. In fact, this solely holds for the trilinear coupling A; and (in the alternative
scheme) for the top mass, when we take those parameters into account which appear
within the stau annihilation. Note, that the Born cross section is completely electroweak,
so the running strong coupling and its contribution to the cross section is a totally new
phenomenon appearing at NLO. The variation has an impact on the strong coupling
a,(pr) as well since it is renormalised in the DR scheme. This effect is the main reason
for the deviations that can be found in the left of Fig.8.4, because A; only appears
within the gluino vertices, contributing less than the SM corrections. Nonetheless, the
deviation is immensely small (around 0.25 %). We did not treat bottom quarks in the
final state (dependent on variation) and no mixing matrices occurred in the calculations.
Taking the top mass into consideration (alternative scheme, right hand side of Fig. 8.4)
leads, of course, to a higher dependence on the scale. But luckily, the 3 % deviation at
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Figure 8.3.: Ratios of the 717 — tf cross section calculated in the DM@NLO scheme
and the alternative scheme at leading (orange) and at next-to-leading order

(green).
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Figure 8.4.: Ratios of the 717 — tf cross section for renormalisation scale up varied
around the central scale (ugp =1 TeV) at leading (dashed line) and next-to-
leading order (solid line) for the DM@NLO scheme (left) and the alterna-
tive scheme.
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leading order shrinks to a per mille level at NLO - the theoretical uncertainty is reduced
in a similar manner like in the scheme variation. The remaining open question might be,
if deviations from the resummation scale uc may affect our results more visibly. This
value was determined via

pe = max{ug,2msz - v} (8.4)

using the relative velocity of the initials and pup = 2ms;, - a (corresponding to the inverse
Bohr radius). The choice of « as 1/137 (zero-energy, instead of 1/128 at Z° energy)
and even by taking twice the value of u&™ had no visible impact on the results. It
furthermore turned out that due to this independence, the S-function of QED yields a
negligible NLO contribution. For this reason, our results could have even been investi-
gated using a leading-order Green’s function.

Obviously, the main theoretical uncertainties occur within the renormalisation scheme
variation. We finally plot the Planck-compatible band in both schemes again in the
vicinity of our parameter point from Scenario I at LO and NLO and compare them with
a smeared band (yellow), the micrOMEGAs result including the 1o confidence level. The
NLO lines nearly overlap and contain therefore much lower uncertainties than those that
come from measurements.

8.1.3. Impact on the Neutralino Relic Density

The impact of our corrections on the neutralino relic density was already implicitly in-
vestigated in the part of theoretical uncertainties. Nonetheless, we turn back to our
standard DM@NLO scheme as in previous publications about other processes and take
a look at both the soft-parameter and the physical mass plane, i.e. M;—M> plane
(left) and mgo-mz plane (right) as shown in Fig.8.6. We compare micrOMEGAs with
our NLO-+Sommerfeld results and plot the areas which are compatible with Eq. 2.5 in
orange/blue. The small corrections (less than 1 GeV) are explained by the aforemen-
tioned cancellation of NLO and enhancement corrections in our standard renormalisation
scheme and, furthermore, by the small contribution of 7,7} — ¢ to the total annihilation
cross section we gave in Tab. 8.2. However, the gap between the lines should not be
underestimated: In shortcoming of an overlap, the corrections are at least beyond the
experimental uncertainty and have to be taken into account. Generally, one should not
worry about small corrections. Since in the DM@NLO scheme the NLO corrections
are visibly smaller than in the alternative scheme, we assume a quicker convergence of
the perturbative series.

Although a gap was found, the main message of this numerical investigation is rather
the strong dependence of leading order results on the renormalisation scheme. One
should always keep in mind that even small changes like the on-shell top quark mass
massively affect the Born cross section. Adding now higher-order corrections does not
only enlarge the precision of the perturbative series - the deviations after changing the
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Figure 8.5.: Comparison of experimental and theoretical uncertainties in the M;—M;,
plane around reference Scenario I (indicated by the red dot). The yellow
band shows the experimental uncertainties given in Eq. 2.5 as measured by
the Planck satellite at the 1o confidence level. The leading (next-to-leading)
order relic density from both our renormalisation schemes is denotes by blue
(black) lines. The predictions in the DM@NLO (alternative) scheme are
shown using the solid (dashed) lines. As in Fig. 8.1, the green contours
indicate the relative contribution of the process 7;7; — tt to the total anni-
hilation cross section, based on the micrOMEGAs calculation.
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Figure 8.6.: Parameter regions in the M;~Mz, plane (left) and mg-mz plane (right)
that are compatible with the Planck limits given in Eq. 2.5, where the stau
relic density has been computed using micrOMEGAs (orange) and our full
NLO and Sommerfeld corrected cross section (blue). All other parameters
are fixed to those given for Scenario I in Tab. 8.1. The red dot corresponds
to the Scenario I. The green contours correspond to the relative contribution
of the process 717} — tt to the total annihilation cross section.

renormalisation scheme are remarkably reduced! The same holds in certain cases for
variations of the ug scale. Finally a warning: The comparison of theoretical and exper-
imental uncertainties may confuse. An experimental uncertainty implies an expectation
value lying between the boundary values. In our estimation of the theoretical one, one
must not deduce that the truth lies between those two schemes. Moreover, there are
a couple of more schemes (e.g. take simply everything in dimensional reduction) and
their usage highly depends on the process. Especially in the MSSM, they are not easy
to define consistently. For the case that this can be done successfully, this approach
still cannot cover constant terms. Their values have to be determined only using exact
calculations of higher orders whose size we are trying to give. We conclude: As one
cannot define a true/an expectation value for the calculations, the reduction of the gaps
between different schemes is the only way to predict reliable results.

8.1.4. On Gravitinos

In order to consequently bring the quantisation of fundamental interactions to an end,
a theory of quantum gravity still has to be developed. Although a manifold of ideas
was discussed in the last decades, a quantisation often turned out to be perturbatively
non-renormalisable. Nonetheless, it is natural to assume gravitons to mediate gravity
like the other gauge bosons do in the remaining interactions. These particles, thought
as quantised gravitational waves, have to carry a spin of 2 as gravity acts only attrac-
tively and the gauge field is the energy-stress tensor of rank 2. SUSY transformations
then produce spin-3/2 gravitinos obeying the Rarita-Schwinger equation of motion. We
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previously mentioned the gauge-mediated SUSY-breaking (GMSB) which is mediated
to the visible sector of supersymmetric particles at a certain scale. The GMSB scale
(F') is then related to the gravitino mass mgs and the reduced Planck mass Mp by
mg = (F)/(v/3Mp). Gravitinos are the LSPs (and therefore dark matter candidates)
in scenarios of a SUSY breaking via a gauge-singlet chiral superfield S and quark- and
lepton-like messenger fields that we discussed before. We give some references that treat
gravitino dark matter under the given conditions: [68,69]. Now, we skip over details and
come to our omnipresent object of desire. The relic density Qzh? of frozen-out gravitinos
comes into being in a twofold manner:

Qgh® = QR + Q" "h? (8.5)

The non-thermal gravitino production is based on the decay of the NSLP which shall be
later the scalar tau (only, if R-parity is conserved). Every NLSP usually decays into a
gravitino and the SM partner of the NLSP, so the relic density is related to the known
value for staus in a very simple way [70]:

mg

O ONpsph® (8.6)

myrsp

The nature of the second constituent, the thermal production, is a bit harder to motivate
[70,71] and has the following form:

T 100GeVY [ m; \°
Q2R2 = 0.2 i - :
¢ 027 ( 1019 GeV me 1TeV (8.7)

The formula involves the gluino mass my; of the particular scenario and the reheating
temperature Tx. This quantity comes from the end of the inflationary expansion. This
moment of expansion of the very early Universe happened in a supercooled way (tem-
perature drops by 10° in the most models). In order to get back to the pre-inflationary
temperature, a thermalisation or reheating must occur. One defines T as temperature
value to reach this realm again, although the actual value is unknown. It is, however,
possible to estimate T beyond 10° GeV to explain the baryon asymmetry by leptogene-
sis. The method to derive the upper equation is, on top, only reliable if Ty lies above 107
GeV. Details on the reheating temperature can be found in [73]. In Fig. 8.7 a numerical
investigation of the parameters from above is shown that may illustrate the dependences
a bit more.
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Figure 8.7.: A detailed study of the importance of non-thermal and thermal gravitino
production depending on their masses and the reheating temperature [69].

At the end, we should lose some words about the stau lifetime that can be written in
the following form:

1 TeVY ma W
ta ~ (61003)( e ) (100 GeV) < 6000 s (8.8)

The abundance of light elements after primordial nucleosynthesis has to be preserved,
so a maximum lifetime for SUSY particles must be incorporated [74,75]. With this con-
dition, the gravitino mass is often constrained to be an order of magnitude smaller than
the stau mass. The ATLAS analysis was performed for neutralino relic densities. This
fact together with the liftetime constraint made it nearly impossible to find a promising
scenario in the set of the ATLAS points, given that we are interested in the non-thermal
production of gravitinos. Indeed, an allowed scenario would have been found, but a
too large contribution of thermally produced gravitinos would make our corrections
worthless, as no corrected cross section appears. We therefore decided to construct an
illustrative scenario in order to show what can principally be done with the stau an-
nihilation cross section. With relatively light stau masses around 2 TeV, while other
particles have masses around 5 TeV, we were able to generate a parameter set fulfilling
the lifetime constraint as well as our hope of big non-thermal contributions (we called it
Scenario II). Thus, the gravitino mass lies around 400 GeV. A Planck-compatible result
can then be achieved with a reheating temperature of T ~ O(107) GeV .

Similarly to the neutralino relic analysis, we illustrate in Fig. 8.8 the shift induced by
NLO and Sommerfeld corrections - now in the mgsTg plane. Again, the shift is far
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Parameter regions in the mg—Tg plane which are compatible with the Planck
limits for the case of gravitino dark matter, where the stau relic density has
been computed using micrOMEGAs (yellow) and our full NLO and Som-
merfeld corrected cross section in the DM@NLO scheme (orange). All other
parameters are fixed to those given for Scenario II in Tab. 8.1. The blue
contours correspond to the gravitino relic density based on the micrOMEGAs
calculation. The black lines indicate the relative non-thermal contribution in
percent to the total gravitino relic density, again based on the micrOMEGAs
calculation.
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] \ value ‘
M,, | 3796.6 | ]
M;, | 2535.0 M, 1278.4
M, | 3995.0 M, | -2093.5
M;, | 12586 My | 1267.15
My, | 31332 A, 2755.3
M; | 3303.7 A, -2320.9
M;, | 31341 A, -1440.3
M;, | 1503.9 tan (3 15.5
Mg, | 2102.5 u -3952.55
M, | 1780.4 mao | 3624.8

| Q | 17846 |

Table 8.3.: Scenario, analogously to those in Tab. 8.1, in the (19+3)-pMSSM parameter
space containing a remarkable impact of stop annihilation into gluon pairs
for the neutralino relic density. All dimensionful quantities are given in GeV.

beyond the experimental uncertainty and the additional terms should be taken into
account: They are responsible for a shift of about 50 GeV for the gravitino mass, or
(equivalently) for a fixed gravitino mass of 450 GeV, Tk has to be doubled in order to
still satisfy the experimental data.

Finally note, that this kind of gravitino cosmology underlies several strong assumptions.
We do not only demand the SUSY conjecture to be true, but also the quantisation of
gravity by tensor bosons (gravitons) and the theory of inflation as well. Seen from a
viewpoint of philosophy of science, this construction of dark matter candidates and their
investigation is based on a very unstable ground.

8.2. Stop Annihilation Into Gluons

Currently, the NLO results in order to investigate their impact on the Planck-compatible
ribbon are not available yet. Nonetheless, we have the possibility to present an interest-
ing scenario (Table 8.3) in analogy to the previous one to analyse the contributions of the
different channels of stop annihilation into gluon pairs. The mass degeneracy between
the neutralino and myr has the consequence that almost every important process for the
LSP relic density contains stops in the initial state. More precisely, we have our process
of interest (38,6 %), stop annihilation into top quarks (30,5 %) and coannihilation into a
gluon and a top (9 %). Luckily, the second process has been already implemented, there-
fore our DMONLO corrections are very dominant in this scenario. Our scenario features
again bino-like neutralinos. In Fig. 8.9 we performed a scan in the neighbourhood of the
ATLAS point (red dot) in the plane analogous to the stau annihilation process. In this
case we deal with considerably higher masses and also the relative contribution to the
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Figure 8.9.: Planck-compatible relic density ribbon of micrOMEGAs. The red point de-
notes the point of the ATLAS scenario from Tab. 8.3. The ribbon is plotted
in the (Mjz,, M) plane. A contour provides information about the mass
difference (for neutralino LSP, only positive values are relevant). We give
relative contributions of #;#; — gg to the neutralino relic density using the
green colour bar.

relic density is bigger. In general, one could find scenarios with fairly high percentages
up to 70 %. The chosen soft parameter is the right-handed stop mass - a strong mixing
leads to the lighter stop. In Fig.8.10 we did something new and decomposed the Born
cross section into its channels. The four-vertex - the simplest diagram - turns out to be
by far the most relevant one. It decreases for high momenta whereas t- and u-channel
increase. At higher energies they may collide, but the maximum of the thermal distri-
bution is already around 260 GeV. One should not be confused by the s-channel as the
process has to be seen inclusively. The single channel does not occur in Nature. The
micrOMEGAs result are rather congruent with our DM@NLO code, the renormalisation
scheme does not visibly affect the results.

The diagrams may drastically change in another scenario; moreover, the analysis is
only for illustrative purposes to show how the process and its single channels behave
and that promising scenarios do exist. As there appear far more corrections than in stau
annihilation with electroweak initial states, we expect bigger corrections and a slower
convergence of the perturbative series. With a maximum of the thermal distribution
at low centre-of-mass energies, a QCD Sommerfeld enhancement should be visible as
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Figure 8.10.: Annihilation cross section, dependent on the centre-of-mass energy p.,,. We
give absolute and relative (below) contributions of the different channels
s, t, u and the four-vertex, denoted by o4, for the stop annihilation into
a gluon pair. The grey area indicates a thermal distribution in arbitrary
units.

well. Generally, the stronger coupling leads to the assumption of a stronger impact on
the final cross section than an exchange of infinitely many photons. Nevertheless, one
should keep attractive and repulsive colour potentials in mind - depending on the colour
decomposition effects they could cancel each other.
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9. Conclusion and Outlook

Before this thesis comes to an end, we briefly recapitulate what was achieved within the
last year and, maybe even more important, what has to be done in the future to finish
the stop annihilation. Over and above that, it might be interesting to discuss how the
DM®ONLO project may go on.

We started with an overview of the current dark matter research - about promising
and falsified models, some experimental constraints and especially SUSY giving birth to
the lightest neutralino which we appointed to the main dark matter constituent. Sub-
sequently, we explained the basic ideas of DMG@NLQO. The stop annihilation into gluon
pairs involves some non-trivial QCD like the appearance of Faddeev-Popov ghosts and
(not necessary, but convenient) a colour decomposition into irreducible representations.
With a short group theoretical introduction, we explained the procedure in greater detail
- as a cooking recipe for coming processes. Where do all these peculiar supersymmetric
particles come from? Using the group theory part, we roughly derived the algebraic
origin of squarks & Co. and pondered why SUSY might be promising. At this point,
all necessary foundations were set out - let us now repeat the achievements in the stop
annihilation process:

o implementation of born cross section, in accordance with mircOMEGAs and the
results of S. Schmiemann

e colour decomposition of the single channels

« numerical analysis of tree level + parameter scan

 remaining Passarino-Veltman integrals (for 3-gluon topology) were implemented
o UV-convergent propagator corrections were fully implemented

» vertex corrections calculated and implemented (successful renormalisation, one
case of doubt explained in Appendix D)

» automatic box calculation with interferences by FeynCalc code

« manually calculated amplitudes of all real emissions (for cross-check by the suc-
cessor)

Furthermore, some integration methods and preliminary results regarding the dipole
subtraction method for massive initial scalars have been developed (Chapter 6).
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The thesis continued with the second process (stau annihilation into heavy quarks),
where some NLO corrections have already been performed in a previous work. We
completed the virtual and real corrections for the vector boson exchange and compared
an analytical treatment of the gluon emission with the numerically performed dipole
subtraction and came to the same result. Electroweak corrections in the form of a
QED Sommerfeld enhancement were added. Interestingly, they almost cancelled the
SUSY-QCD calculations at NLO. Therefore, by an accident, we discovered the consid-
erable dependence of the results on the renormalisation scheme. The Born cross section
strongly differs when changing the scheme, whereas the corrections were more or less
left untouched. In the course of that, we also varied the renormalisation scale and in-
vestigated the sensitivity of the results by modified Coulomb scales.

In total, we could estimate the reliability of our NLO and Sommerfeld corrections with
the theoretical uncertainties appearing in such variations. We found an interesting sce-
nario in the SUSY parameter space in which the stau-antistau annihilation into heavy
quarks was relatively important. The vicinity of this point was intensively studied - the
Planck-compatible ribbon was visibly shifted by our corrections. We applied our calcula-
tions to gravitino dark matter physics and showed, how gravitino mass and the reheating
temperature in the postinflationary Universe are shifted using our precise cross section.
This happened with an artificially constructed scenario just for illustrative purposes as
the ATLAS points got into conflict with the stau lifetime constraint from primordial
nucleosynthesis. The results were published in [69].

In the near future, the DM@NLO project will finally come to an end. The successor
of the author will possibly finish the stop annihilation into gluons being the last pro-
cess of interest for SUSY dark matter coannihilation processes (eventually, light gluinos
may represent further coannihilation partners). After the successful development of the
dipoles for initial scalars, an automatisation of the real interferences seems desirable.
In these diagrams an interesting challenge appears: The interface to the stop annihi-
lation into heavy quarks - as the same 2 — 3 diagram appears in both processes. A
Sommerfeld enhancement should be very easily implementable as all necessary tools are
already existent. Nonetheless, the phenomenon of attractive and repulsive colour po-
tentials may enrich the investigation. In current research in the area of dark matter
(co-)annihilations, a handful of new ideas have been rediscovered from exotic QCD and
quarkonium formations, as the formation of bound states made of the initial particles.
The multiple Higgs exchange leading to Sommerfeld-like ladder diagrams is a further
method to achieve greater precision (especially in the low-energy regime) with small
effort. In suitable scenarios one may think about the application of these methods to
DM®@NLO.

Ultimately, the DMONLO code might be published as a whole. Furthermore, turning
the diagrams around could easily lead to predictions for direct detection with accuracies
at next-to-leading order. The library of implemented Passarino-Veltman integrals and
dipoles are very helpful for further processes (not necessarily related to SUSY) as well.
Thus, the DMONLO project may turn out as very useful in various contexts.
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A. Some Algebra

A.1. Miscellaneous Relations

In order to use the technique of dimensional regularisation, one has to deal with Dirac
matrices in D dimensions. The known identities from the Minkowski space can change!
The following relations simplified the calculations:

Yy, = D (A1)

VY Ve = (2= D)y* (A-2)

VNN Vo = 49" — (4 = D)y"y” (A.3)
VNV YV = =297V + (4 = D)yHy"y” (A-4)

In D dimensions the Dirac traces are the same like in the common Minkowski space:

Tr(y*y") = 4" — Tr(¢h) = 4ab (A.5)

Tr(y"v"7*°) = 4(g" g — ¢"*g"" + " 9" (A.6)
Tr(,yu,yu,y)\,yp,ya,y'r) — 4(29w/g)\pg¢77 . guug)\agp'r o g,u)\guTng
+ UA Vo pT_"_ Wp VT JAC  _p VO /\T+ UT VX po

999 9799 999 9 99 (A7)

wo VA _pT

—g"7 9" — g9 + 9" g
+gupguAgaT o g,u)\gljpgrﬂ')
Tr(yf - 9) = Te(° W - ... -72) =0 (n  odd) (A.8)

A.2. Projection Operators

The concept of chirality was born in the context of the observation of parity-violating
processes by Madame Wu. The coupling of weakly interacting gauge bosons is highly
dependent on the chirality of the particles. The projection operators filter the left- and
right-handed part out of the entire Dirac spinor:

1 5 1 — 5
Pr = 27 P = 27 with % = i70yly%y3 (A.9)
PP, =0 (A.10)
PRPR = PR PLPL = PL (idempotent) (All)
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Te(Py) = Tr(Pg) = 2 (A.12)

They become important in case of quark-squark-gaugino mixing, when left- and right-
handed part carry a different vertex factor. In other cases, the two projection operators
can simply be added to a unity matrix.

A.3. Colour Algebra

The algebraic background of the following equations needed for computing the colour
factors was already explained in Section 3.1. Therefore, we just give all of the used
properties of colour algebra (in the general form arising from the SU(N) group) [76,77,78|.

Tr(7T7) = 0 (A.13)
Tr(TT?) ;gab (A.14)
1
{1, T"} = 0w+ devere (A.15)
T | 1
]—;kal = 5 (5il(5jk - N(Sij(skl (A16)

In principal, these relations are sufficient for the calculation of colour factors, nonetheless
a couple of properties that can be derived from the previous ones save much time during
the calculations:

[ = —2iTe(T[T", T9]) (A.17)
d®e = 2Ty (T{T", T°Y) (A.18)
1(1
ab . | & abc - pabc\rc
17 = 3w+ @ i) (A.19)
foelfoed = NGy, (A.20)
d*ere = {T°,T"} — Jb(sab (A.21)
1
Te(TTT°) = Z(dabc + 4 f2b) (A.22)
1
apbrpa .~ b A2
T°T"T el (A.23)
1

Te(T*T*T*T¢) = — 0 (A.24)
fetdhed =0 (A.25)

ade pbef pcfd __ N abe
PRt =5 (A.20)

N? -4
abc jabd — 50 A2

d*d < N ) y (A.27)
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N? -4
dabcTaTb — T¢ A2
2N (A-28)
. IN
fabcTaTb — %TC (A29)
N2 —4
abcrparpbe
AT T = == Cr (A.30)
fpakfkblflcp _ _;’fabc (A.31)
dpakfkblflcp _ ‘Zdabc (A32)
dpak:dkblflcp _ Zfabc (A33)
1
dpakdkbldlcp _ 5dOLbc (A34)
fabedcde T facedbde T fadedbce =0 (A35)
fabedcde + fcbedade + fdbedace =0 (A36)
2
fabefcde — N <5ac5bd _ 5ad5bc> +dacedbde o dbcedade (A37)
1
bk ghel 4 jbek gkal | geak gkbl _ 5 (5ab5cl + 8,000 + 5az5bc> (A.38)

The following abbreviations are common (arithmetically expressed for the SU(3) group):

(N?>—-1) 4 1

r 2N 3 P72 (A.39)
The last normalisation factor is often called Dynkin index.

Within the loop calculations for the four-vertex, fairly complicated colour structures

appear. We refer to [27], where the Mathematica package color.m is introduced. One
can also export the source code from this reference.
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All momenta k1, ko and k3 go from left to the right.

(a) 2-squark-gluon:

ko 7
k { g
1
Il RRRTITOX —igsTii (k2 = ks)udi
AN
A 3
k:j \\ jt

Changing the direction of the arrows leads to an additional minus sign.

o ’666666660\< —i9s Ty
t

(b) 2-quark-gluon:

(c) 2-ghost-gluon:

b
ko
; ~ Favck
1 TXOOO0000™., Gl
-
ks "...

C

It should be noted that only the particle, not the anti-particle, contributes to the
vertex factor.
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(d) 3-gluon:
b, v

_gsfabc[(kl + k?)/\g,uu + (kS - k?)ugu)\ - <k3 + kl)yg;t/\]

2

The minus sign originally means i* as one imaginary unit is contained in the colour

factor.
(e) 4-gluon:
h C0 —i g2 foav fecd(GurGvp — GupGun)
+ feacSedr(GupGur — Guw9pn)
+f6a(lfeb(:(gwg>\p - 9sz91//)>]
a, oA

(f) 2-gluino-gluon:

—Js fabcfy/i

(g) 2-squark-2-gluon:
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B. Propagators and Couplings

j, L
b,v , Js
/
: 201
< 4 tgs (gaabést + d(zb(:Tﬁt).glwéij
\
\
a, p \ 4S8

To express the next vertex factors we have to define the mixing of the squark types.

G i (4L qr cosf; sinbg\ (G
=R Z7| = (R, R; = - 7 - B.1
<q2> <QR> (Biz, Bir) <QR> <_ sinfl  cos 05) <QR> (B1)

Furthermore, we introduce for the vertex of four interacting squarks (we define with
a =1 the stop sector and with 2 the sbottom sector):

o0 pa pa o po [ cos205 — —sin20;,
Ay = Ry, — gl = (—sin20q~a —00829@) (B-2)

The fermion flow makes it necessary to distinguish between two different Feynman rules:

(h) quark-squark-gluino:

it it
/7 /
/ /7
v 4 K
7 /7
S } %‘ S (
V?2igsT%( R P, — RirPr) V2igsT4(Ri Pr — RipPyp)

(i) 4-squark:

Four interacting squarks lead to a lengthy expression: We sum over a, but not over
the index a.
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;i r N , Bk, t
\ /
® A
/ - @
S —ig [T T A Ay + 0as T TLAG AL
/ \
~ *
Ve \
asj,s  p \ Bilu

In this chapter we used the Feynman rules in [79]. There exist uncountable other
definitions, the direction of momenta, charge and fermion flows have to be handled with
care.
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C.1. Kinematics

A convenient way to express the cross section is the usage of the Mandelstam variables,
defined via

s=(p1+p2)* = (k1 + k)’ (C.1)
t=(p1— k1)’ = (po — k)? (C.2)
u=(p1 —k2)* = (p2 — k1) (C.3)
fulfilling the relation
4
s+t+u=Y m:=p+ps+ki+k (C.4)
=1

C.2. Born Cross Sections and Their Interferences

Although some amplitudes were mentioned in the main part of this thesis, the expres-
sion in Mandelstam variables was totally excluded, furthermore the amplitudes of the
interferences. Of course, there is no interference of ghosts with other channels. Some
other expectable interferences are forbidden by the colour decomposition. Finally, one
should keep in mind that every squared amplitude needs a prefactor 2%9 since we are
treating identical particles in the final state and we have to average the possible colours.
The colours themselves will not be given here as it was done in detail in the chapter on

decomposition.

)
—1
My = =25 (py = p1) gy lg™ (hy + 2ha)" + 9 (y = k2)” = 9" (2hs + k)16 (k)€ (Fz)
(C.5)
4

M2 = =T (357 4+ 8sm, — 2m?, (65 + L4m?, — 20t) = 20(ts +17)  (C.6)

2

My = (21— k) 2 (2 = ko) €l ()l (k) (.7)
t1
(t - mfl)
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;2

ng v _k *
Mo = (2p1 — k‘z)“t — (2p2 — k1)"€;, (ko) (K1) (C.9)
t1
A 12 gs 2 2
= b (=2 2 _9
|M.,| = mtgl)z( s+ 6m3 —2t) (C.10)
My = igig" e, (k)€ (k2) (C.11)
Mal? = 4g; (C.12)
92 g2
Mg = _if(m — p1)"Gap(k1), — if(m — D1)%Gap(k2), (C.13)
_ gt
(M| = 5 20s - 2m? + 2t)? (C.14)

We continue with interferences:

1 4
(M M,| = QM[SZ +8mj + 4ts — mZ (8s + 8t + 4m3))] (C.15)
t1
1 gs 2 4 2 2
MM, | = §3~(u—jmg)[108 + 16m; + 16ts — 8t* — mj7 (325 + 16t)] (C.16)
t1
294 2 2
IMM,| = — : (4m? — s) C.17
! (t—m?2)(u—m2) " (C17)
4
9s
IMMy| = _m(u +4m; — s) (C.18)
4
9s
M My| = _m(um{ — 4t — 5s) (C.19)
t1

These results were implemented into the code in a twofold manner: in earlier work of S.
Schmiemann and by the author of the thesis. Both are in accordance with mircOMEGAs.
Furthermore, S. Schmiemann was able to reproduce the same cross section in the light-
cone gauge instead of using ghosts.
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D. NLO Calculations

D.1. Dimensional Regularisation

In Chapter 5 we mentioned the calculation of loop diagrams, but did not pay attention to
the explicit performance. Here, we give the most important tools for the integration over
the momenta within loops. In order to get rid of the ill-defined corrections (explained
in the section about renormalisation), one has to make these contributions calculable.
This can successfully be worked out using dimensional regularisation/reduction schemes
(there are further methods like the one of Pauli-Villars, cut-off scheme, ...). The loop
integrals get analytically continued to an arbitrary, complex number of dimensions D
separating the ill-defined parts to a singular and a non-singular contribution:

/d4q — }L(4_D)/2/qu (D.1)

1 keeps the mass dimension of the equation equal. After integration, we take the limit
D — 4 and singular poles in the form of 2/(D — 4) occur. One can imagine that every
possible loop leads to the same kind of integrals. Passarino and Veltman [80] discovered
this fact and developed a general type of loop integrals, the so-called Passarino-Veltman
integrals. First, we write them generically:

T/ﬁ\ll,...”uM(ph"'7pN—17m0’---7mN—1) (D.2)
(27W 4 D)/2 /d . Q- Qs
—m? +iel[(¢ + p1)? —mi +ie]...[(¢ + py-1)* — mF_ + ie]

This integral describes a generic loop of the form in the figure below [81]. It has to be
noted that the sign of the momenta p; depends on their chosen direction in the Feynman
diagram. As a convention, one uses the nomenclature 71 — A, T? — B and so on. The
basic idea behind the evaluation of loop diagrams is the possibility of expressing every
Tﬁ’m,“M (1, -y DN—1, Mo, -..,my_1) as a linear combination of the scalar integrals (no ¢

in the numerator) A to D. The scalar integrals used in the calculations have the obvious

form:
27w
A / dD D.
0 — m2 +ZE] ( 3)
27w D 1
B / d°q . . D.4
0= s idlg +p) —mi+id (D-4)
27m D 1
Co = / d°q . . (D5
0= P idllg i v idig t p? —mi i O
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P2 —p1

The arguments of these functions of course depend on the momentum convention as we
illustrated for the 3- and 4-point function. So how is it possible to express the tensor

P2

q+D2
P2 —pm : :
= Co(P% (Pl _pﬁ)zp%m%m%mg)

P1
D3 P3 — P2
q+ pa3
q q+ po = Dy(p?, p31. P3a, D3, D3, Pis. mE, mi, m3, m3)
q+m
D P2 — DN

integrals via these scalar ones? The answer is tensor reduction: In analogy to contracting
tensors one can work out the reduced form of the Tﬁ,...,uM (D1 ooy DN—1, M0y ooy MN—1):

B = pl'B; (D.6)
B" = g By + pip{ B (D.7)
CH = piCh + ph Oy (D.8)
2
C’W = g’“’Cgo + Z pé‘p]VC’ij (DQ)
ij=1

102



D. NLO Calculations

9 2
O =3 (g pi + g7 Pl + g™ P! ) Coni + Y Di DD i (D-10)
= irj k=1
3
=1
3
D" = g"" Doy + ) pipjDij (D-12)
ij=1
3 3
DI =3 (g™ D + g7 P + gDy ) Doo + Y pEDYDR Dign (D.13)
prt i k=1

Those scalar integrals also decay in the four mentioned basic integrals, for instance:

1
B, = Tpg(Ao(mo) — Ao(mq) — (pf — m} + mg)Bo) (D.14)
1

They can be calculated in a rather involved way. In the results, the following variable

€:= % will appear (dependent on conventions); furthermore, we remember the Gamma

function:
“+o00

['(x) = / et dt (D.15)
0
The number 0,I'(z)|,=1 = g is called Euler-Mascheroni constant and has the value
0,5772. Finally, the Ay is given by:

Ag=m?*(e ' —yg+Indr—In <TZ;> +1+0(e)) :=m*(A—1In (Zi) +1+0(¢)) (D.16)

With the Feynman parametrisation

1 1
—=[d D.1
ab O/x(a(l—x)+bx)2 (D-17)
1 11—z
1 1
— —[a /d D.18
abe o/xo y(a(l—x—y)+baz+cy)3 ( )
one calculates
1 2,2 2 2 2 2
BOZA—/den<xp1 (1 m12+m0)+m0 ZE) (D.19)
L
0

Cy is too long to be mentioned it in this appendix. Divergences appear only in some
tensor integrals as we see in the two tables.
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Integral UV div. (D — 4)x Integral
Ag(m?) m2A (D —4) x Ay = —2m?
Ay(m?) mA (D —4) x Ay = —22°
Bo(p?. m3.m?) A (D—-4)x By= -2
By (p*, md.mi) —3A (D—-4)x B =1
Boo(p?, mdm3) | — (5 — 4mg+md)) A | (D —4) x Boo = (& — L (mg +m3))
By, IA (D—1) x By = —2
Buo —5A (D—4) x By =1
Coo ]T‘é‘ fD—-UX('mJ=—%
Cooi - 54 (D —4) x Cops = £
Doooo nA (D —4) x Doooo = —15
Integral IR div. (small mass) IR & collinear pole
Bn{mg.,\f.mgl = By(m?, m2, \2) —9?—1“.1-111 A2 _TLFL'
Bi(m2,m2, \?) _T]”-r In A2 —_Tfl-ri
By(m?, A2, m?) 0 0
Byi(m?, m®, \?) 5z In \? phor
Co(m?, s,m2, A2, m?, m3) _lnf )y )2 Info 1
Co(m?,s,0,0,m?,0) - L Nle) ([',;gj;j)
(0, 5,0,0,0,0) i L (1=

Figure D.1.: UV and IR divergences of Passarino-Veltman integrals [81]

D.2. Tensor Reduction of Three-Point Functions

The most of the tensor integrals are already implemented in the DM@NLO code, so one
had less work regarding tensor reduction. The three-gluon topology however requires
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the knowledge of the decomposition of C**7 given by

2

2
CHr = (9"} + 9" 4 "' p)) Covi + D DiD; D Cin (D.20)
i=1 i,j,k=1

which means that the components Cyg1, Coo2, Ci11, Chi2, Cro2 and Cyee have to be
identified with linear combinations of already known tensors. There exists a procedure
to reduce every tensor integral to the scalar basis T{', but it is only necessary to end up
with any implemented integrals, generically worked out in [60]. Let us apply this set of
rules, starting with a contraction of the integral momentum ¢* with an external one:

1

q.pr = §[Dk — Do — fil, fr = v — mi +mg (D.21)
The Dy, are the factors in the denominator of the respective tensor integral. For this

multiplication we define

P TN TN () f T

N,k _ mN
R T uPpk 9 Mp_1 M1 ptp—1

H1---HP—1

(D.22)

Nl -Hp—1

where the argument k appears, if the propagator D, was cancelled. For the number of
momenta P > 1 we can also contract ¢"q,q, — Dy + m3, so we define again:

RNOO N gueeane — TNSL () 42N (D.23)

Hi...pp—2 K- MP Hi...pp—2 H1...pp—2

These reductions yield a set of N — 1 linear equations for each tensor integral, expressed
via a representation matrix Xy_;. We assume the matrix to be non-singular, otherwise
the algorithm would break down. For M < N Lorentz vectors we can give the result:

1
N _ N,00
T0021 Ap_o D + P _9_ M [Rll Ap_o Z Rkll dp_ 2] (D24)
Tli\i/vl...ip,l - (X&l)kk[ 11 Ap_1 Z 6k T(fgzl Ar—1%p41...1p— 1] (D25)
The representation matrix X, and its inverse read:
2 2
Pl Prp2 1 1 Py —Pip2
_ X — D.26
(pl-pQ 5 ) (X) det Xy <—p1~p2 n > ( )

where the determinant can be expressed via the Kéllen function:

1
det X = pip; — (pr-p2)” = =7 Al(p2 = p1)*, 91, 3] (D.27)
Applying these formulae leads to:

1 1
Coo1 = 5D -1 <f2012 +2maCy + f1C1 — By — 23%) (D.28)
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1 1
Coo2 = 5D_1 (B% + f1Ch2 + 2miCs + f2022> (D.29)
The expansion of ﬁ using the geometric series yields the ultraviolet divergence:
1 1. (2)" 3+ 2¢
= - S D.30
3—2 3 3 9 ( )

The convergent integrals read:

2
Cinn = —<[pi(—=By—2B{—Bj; — [1C11+4Co01 ) +p1.p2(— By —2B{ — By, — f2C11)] (D.31)

A
2
Chi2 = _X[pl'pQ(_Bé_2811_Blll_f1011+40001>+p3(_3(1)_2B11_B111_f2011)] (D-32)
2
Ciog = —X[P%(—Bh —Confi + 3%1) ‘|’P1-P2(—Bll1 — f2Co — 40002)] (D-33)
2
Cagg = _X[pl-p2(_B111 — COpnfi+ 3%1) +p§(—B111 — f2C0%% — 40002)] (D-34)

D.3. Self-Energies
First, we define the denominators of the tensor integrals:
Di=¢ -mi Dy=(q+p)*—mj (D.35)

IT denotes a self-energy, the lower index stands for the virtually corrected particle, the
upper one for the particles in the loops.

D.3.1. Gluon self-energy

In this case, the amplitude can be separated into two components, a transversal (T) and
a longitudinal (L) one:

= ) KQ - W)“T<p2> PP rg)er (se)

1672 p? p?

We are interested in Il and will give only this contribution.

Quark loop/gluino loop:
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We give the general amplitude for this topology and insert specific couplings for quarks
and gluinos afterwards.

_p —i 1
s =, 2/ —1)it
v =R e ), oo, Y (D.37)

x Tr[y" (g1 Pr + 917 Pr) (¢ +m1)7" (95 Pr + 95 Pr)(p + ¢ + ma)]e;(p)

. 9
—tgs v
7T = €u(p) 559" [2mama (9795 + 91"92) Bo — 29192 + 91'5") (D.38)
x (p* By 4+ mi By + Ag(m3) — 2Byoe; (p)
In general, we can equate L = R. The couplings for the gluinos read g = —gsy* f*

and go = —g,7" f?, so the colour factor becomes —Ndy. This loop gets an additional

symmetry factor of 1/2 as gluinos are Majorana fermions. The couplings for the quarks

‘}7”, so the colour factor becomes TF.

a

read g1 = —igsT}

" and go = —igsT;

1

(2

Gluon loop:

v,b
d
ol —i 1
199 = ui 2/ -2 racd bdcr,upol—waﬂ o * D.39
o =eulplp 2 162% |, Dy’ fetf 9p8Yoat, (D) (D.39)
7 = g"(p — q)7 + 9* (2¢ + p)* — ¢°*(2p + q)° (D.40)
—i 1
99" = ¢, (p) T gf(—N&ab)§(10300 +2p® By + 5p° By + 240)€x(p) (D.42)

Squark loop:
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. €
Hya / \ v, b
00000000 rooo00000
\ /
Sy 7
J
o 4-p —1 1 4 arb U ox
5" =euP)u™= 39 /q DD, Lilii (p+29)"(p + 29)"€;(p) (D.43)
. 9
it —1gs *
ng’T = eu(p) 167T2 TF(Sab . 4Bogey(p) (D44)

Ghost loop:

Since they behave quite peculiar - as scalars, they obey Fermi-Dirac statistics - we need
a (-1) factor to accommodate the closed ghost loop. The colour structure is equivalent
to the gluon loop.

th _ 1D —1 / acd rbde v_* D.45
o =P 559 | 5 D2 D f*“(p + a)'q"e;,(p) (D.45)
gh, T lgg *
1_[g T= €M<p> 167T2(_Néab)3006u(p) (D46)
Squark 1-point loop:
k
- €
/ \
| 1
1, a \ / v,b
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This tadpole is quite simple, so we only give
—1i

" =
u(P) 5.

g

g2{T*, T} Ao(m3)es (p) (D.47)

Gluon 1-point loop:

This one is even easier than the previous: We remember the Jacobi identity of our
structure constants and see that the amplitude vanishes.

D.3.2. Squark self-energy

Quark-gluino loop:

The non-trivial mixing within this vertex can be found in App. B about couplings.

a

_ _ ) 1
e — 5% 2/
¢« —H 3% | DD,

—RipPr)(p+ ¢ +mg)(RiPr — RapPr) (g + my)

ATeTe (=1 Tr[( Ry P
ji k]( ) [( 1L4L (D48)

a 4—-D ZC
17" = pe 8w§9§5ik[—2mqnglLR1RBo + (BT, + Rig)(mgBy + p*Bi + Ag(my))]
(D.49)
Squark-gluon loop:
\ /
7
g = g / (i TATE (2p 4+ )™ (29 + ) (D-50)
1 16727% Jg D1 D, T
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) b iCp
med — 52 2
¢ —H 1672 9s

5zk(4p2(BO + Bl) + Ag(mz))

Squark 1-point loop:

i,r
/4\
/ \
| 1
l,u \ / k,t
N s
—— eIy - -

Hg = MTD ! 2(T$7}ZA¢¢AM + T TaAilAik:) / D

167T2 9s ru—rt q
g_ 4D 1 9 2 2
G =p 2 WQSTFAMAO(T%)
Gluon one-point loop:
a
i Iz v J
- ). - - ). —_—

4—D

H‘QZ/J/ 2

i 2/ 1 a a v
—{re. T 12 y
1671'295 qpl{ ) }g g#

) =0

e = u's" Zﬂ 2D Ag(m?

As the gluon is massless and Ay(0) = 0, we have no contribution.

D.4. Renormalisation

(D.51)

(D.52)

(D.53)

(D.54)

(D.55)

The principles of renormalisation were briefly explained in the main part - but the explicit
expressions of the counterterms are still remaining. We first show how to renormalise the
squark and gluon sector to construct the counterterms and give afterwards the needed
terms to absorb the UV divergence for the vertices and self-energies of our process.
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D.4.1. Squark Sector

The bare and shifted Lagrangian was already shown in 5.2.1. We continue with de-
composing the matrix element M of the one-scalar irreducible two-point function M =
i[0;;(k* — mgi)ﬂij(k2)] into the Born contribution and the parts from the one-loop cor-
rected self-energy (note that 4, j are the indices for the squark mass eigenstate basis):

. 1 *
IL;; (k%) = IL;(k*) — 0;50mg, + §(k:2 —mg )0Zi +6Z;;) (D.56)
The expression contains the renormalised self-energy IT;;(k?) and its corresponding coun-
terparts (mass and wave function). The next step is, as described in Section 5.2, the
application of the on-shell renormalisation conditions (5.21) providing the following ex-
pressions

om? = Rell;(m) (D.57)
2 o
0 2
5Zz = —RG@H“U{ )|k2:m3~1 (D59)
Gluon loop contribution:
2 .
025 =Cr 121;2 (2Bo(k*, 0,mq) + 2(k* + mg) Bo(k*,0,mg)) (D.60)

Gluino loop contribution:

gz

79 —
024 OF1671'2

[((R3+R: ) (m2+mi+k*)—ARy Ry gmgmyg) By (K2, mg, my) — Bo(k*, mg, my)]
(D.61)

The mass term, however, is easily derived by substituting the internal momentum by
the squark mass in the self-energies.

D.4.2. Gluon Wave Function

The renormalisation starts once again with the bare Lagrangian, in this case given by
the free-field Proca density for vector particles:

£ =~ (0uA), — 0L(A8),) (@ (47)" — (A" (D.62)

The matrix element for the irreducible two-point function can be expressed as follows,
where the gluon self-energy II,,, was splitted in transversal and longitudinal parts:

M= =it (- 8 a0y 4 ) v 0
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The Ward identity together with the renormalisation conditions

Re[IT,, (k)] [re—o€™ (k) = 0 (D.64)

: 1 - 2 *U
Jim = RelTL,, (k%)™ (k) = —€"(k) (D.65)
tells us that the longitudinal one is negligible. The corrected self-energy therefore has
the following form, after the conditions were applied:

(k) = Tp(k?) + k2629 62, = —Re(;;HT(kQMkz:O (D.66)

Starting from the self-energies, we again derive the 67, term:

Squark loop contribution:

gz

021 =Ty 142 (3Bo(k*,m2, m3) — 12m230(k2, mz, mz)) (D.67)
Quark loop contribution:
2
gs s
073 = Tras (6m2Bo(k?, mZ, m2) + 3Bo(k*, m2, m?)) (D.68)
Gluino loop contribution:
2
~ gS .
073 = N727T2 (6m2Bo(k*, m3, m2) + 3By(k*,m2, m?)) (D.69)
Gluon loop contribution:
5792
07 = =N By(k?,0,0) (D.70)
Ghost loop contribution:
3g>
§Z9" = —N 2> By (k> D.71
g 57672 0( 7070> ( 7 )

The one-point loops do not contribute to the counterterm. For an obvious reason, a
mass counterterm does not exist.

It remains the renormalisation of the strong coupling. For this procedure we need the
vertex corrections from below, so we continue later.
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D.5. Vertex Corrections

As we had to struggle with more than 40 vertex corrections, we can only give the result
(which again means the whole amplitude and the expression with Passarino-Veltman
integrals).

One should notice, that every vertex already carries factor u%. It is more convenient
to introduce the shorthand-notation:

wp 40 [ dPq 4D 1 /
2 — 2 D 2
o /(%)D I ) (D.72)

1672

Again, the vertex amplitude reads A - the upper index contains the particles within
the loops, the lower one stands for the corrected vertex from the tree level diagrams
(3-gluon, gluon-2-ghost, 2-squark-2-gluon, 2-squark-gluon). In front of the expression,
a possible non-trivial symmetry factor may be written, as introduced in 5.2.2. Let us
start with the most complicated structure of the vector-vector-vector-topology:

3-GLUON CORRECTIONS

The colour factors can be factorised with the Born cross section colour factor %€ in
the most cases. We always express the colour structure in the first equation via all
needed elements of the colour algebra and in the second one the factorisation or at least
a representation with the colour basis.

We briefly comment on the potentially enormous simplification: After having performed
the tensor reduction, one obtains 14 different kinematical structures (1 to 8: k{'kjkj, for
i,j,k=1,2 and 9 to 14: kl'g"?, kY g"*, k?¢"*, more on the code). A linear combination
of the last six yields the tree level amplitude - therefore, they have to contain the diver-
gences, whereas all others stay convergent, at least summed up. Using the properties
of the indistinguishable final gluons, one can simplify all these structures to less (some
commentaries are left in the code). Moreover, the renormalisation can be split into
pure Standard Model parts and SUSY parts since the three-gluon topology has some
diagrams where SUSY particles do not appear at all. This requires adapted coupling
and wave function renormalisation to check the finiteness separately. Only the quark
loop is responsible for treating the divergences in the counterterm, the different gluon
and ghost loops should cancel themselves.

Complicated integrands may drastically differ, but have numerically equivalent expres-

sions in terms of Passarino-Veltman integrals, depending on the chosen substitution
techniques!
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3-gluon loop:

p.a
76
999 _ 452 3,3 rade pdbf ¢ fee / __ Y paBp edpAty ropme 18 D.73
with
T80 = 6P (2ky + ko — @) + ¢P%(ky — k1 + 29)° — g7 (q + k1 + 2k)? (D.74)
LA = g™ (ka +29)" + g7 (k2 — )" — 9" (2K + @) (D-75)
[ = g77(29 — k)" — g7 (q + k1)” + ¢ (2k1 — )7 (D.76)
3 N
As99 — %{_%f‘“’c x [BKSKYKY + q°ki'ky + 16kSRS kY — 3k7q"ky

—13kEq kY + 3KLKIKY — 3KEKIKY — AgPkIKY
—3KCKEKY + 3qPKEKY — 2kP gk — 6KqMKY
+9q°q"ky — 67Ky q” — 2k5KY ¢ — 9"k ¢
—13KPELGY + 3KSKE G — OKPghq” + OkEqtq”
18¢°¢"q" + g (—Ak1 eok? — 8ky.qk” + 4%k + 10 k1 ks (D.77)
— 4k Ky .q + 3k ko.q + 2¢" ko.q + 3¢°KY + 2¢°¢")
+g" (K k. ko — 3kEky . ko — 14¢°kq . ko + 3KV k1.q + K5 k1.q — 2¢°k1.q
+k ky.q + 3k5ko.q + 2¢°ky.q — 3(K) — k5)¢* + 2¢°¢)
g7 (AL Ky + 10g"ky ko + 3Kk .q — 2¢"ky.q — AkPka.q — 8K ks q
—3¢°KY — 4¢°Ky + 2¢"¢%)]}
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3-fermion loop:

b

p,a

v, c

The gluino loop and the quark loop have the same topology, so only the coupling
constants are different, the tensor reduction is untouched by this change. It is impor-
tant to take both directions of the fermion flow into consideration! For the gluinos as
Majorana particles there is no need to distinguish between two diagrams. Furthermore,
the diagrams differs from each other within the colour structure.

iF 1
ASTE = 5P e 3-6/ )
R T A KXo 8 (D.78)

X Tr[y* (¢ — Fy +mp )70 (d + Ko +mp )7 (d +my,)]

41 OF v
AP = 1672 g (—mpmyp K — mypymyp kb + ¢M k1 ke — KSki.g 4+ (mpymy, + mpmy,

—mpmp)q" 4 Kika.q — 2¢Mka.q + (K + kY — @)@’ + " [mym kY

+mpmpky + (mgmy, —mpmye, +mpeme)q ki ke + (k5 +2¢")k1.q

_kaZ-q - 92(1{5{ + k; - qy)] + g/w[_mfszskf + (_mmefl T mpmyp, + mflmfa)qp
—k1koq” + (K] + kD) kr.q + (K] — kS — ¢°] — "SR] — Ky q" kY

=2¢"q"k{ — ¢"KVKS — K{q"KS + 2¢"q" K5 + kb ki q”

—ki'kyq” +2q"kyq” — 2k1'q"q" + 44" q" "]

(D.79)
Regarding the gluinos/quarks, the colour factor is given by:
g __ :3 rade pdbf rfce __ N abc
Fog =" = =i f (D.80)
- dabc o Z'fabc
oy = Tikaiji = 4 (D.81)
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3-squark:
: 1,0
i
/4 ! p
P m\ Y’
|
‘%
AdiT — 52 L e g o (2q — k1 + ko) (2q — k1)"(2q + ko)”  (D.82)
g — M 167T293 ikd kit ji « DoD1 D q 1 2 q 1 q 2 .
3 jabc : rabe
gaq _ —9s 47 —if pwp WOLY AP (L. L \P
Al 162 1 [BCHP + ACHP kY — ACH (k1 — ko) (D.83)

—4CP Y — 2CP KKy — 2CH(ky — ko)PkY 4 2C" (k1 — ko) kY + (k1 — ko) KL KY]
2-gluon loop A:

Loops with two virtual gluons can occur in three different ways. But only two are
in fact different, if one rotates the diagram in a three-dimensional space. One finds a
symmetry factor standing in front of the amplitudes.

99 _— ﬂ} 4 3/ -4 / 1 [PoT g% 70
(D.84)
x| (g™ g = g™ ") fr + (g™ g% — g™ 9" ) f2 + (9™"9" — 9" 9") [
777 = ¢ (k1 + ka4 @) — 677 (20 — by — k2), — g°7 (2k1 4 2k2 — @) (D.85)
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1
A9 = = I 3| 1l(AB°G"™ + B ¢” + B'g") + Bo((k1 + ka)"g™
—2(ky + k)" ")) + [f2[(4B g™ + B"g” + B'g"") + Bo((k1 + k2)"¢”  (D.86)

—2(k1 + k2)"g"")] + 3f3[(k1 + k)" g — (k1 + k2)"'g""]

Si= iivfabc f2= _iivfabc fs =N fob (D.87)

2-gluon loop B,C:

Due to indistinguishable final states, the two diagrams are equivalent - easily shown
diagrammatically by rotation at the axis of the four-gluon vertex.

inl i (i)
99 42 - 3/ [oHT oA\ T«
x [(g"g" — g2 ¢") i + (979" — g7 ") o + (979> — g"*9" ) f5
LM = ¢g7"(qg+ k)" + ¢"" (¢ — 2k1)” — ¢°" (2 — k1) (D.89)
1 gg 14 v v

A7 = i 3 ) B+l

2K — 2Mg") By + 4BV + B¢ D0
+B g + f3[(—kbg" + 2k 9" + 2k5 g"7) '
x By — 4Blg" — BYgh" — BPgUH]
N N

fr=iNf™e  fy= o o= (D.91)

2-squark loop A:

The diagrammatic structure of the 2-gluon loop can be transferred to the following
squark loops:
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1,0
i
/4\
/ \
" RO0ON
\ /
\_»/
J
v,c

. -4
@A _ 52 1 s e -./Lz—k—kﬂﬂ" D.92
Ag Ho2 1671'298 j’L{ ) }Z] QD[)Dl( q 1 2) g ( )
A _ L ad™ o, 0B (D.93)
At = — L 2T 2B — (h + 1) B -

2-squark loop B,C:

Once again, we consider only the left diagram.

p,a s ®

N

: 4
aiB _ 452 L b ppa e --/lQ By D.94
Ag Iu 2 1671'298 ’Lj{ ) }]Z QDOD1( q 1) g ( )
Ad0B — L gd™ (2B* — k' By) g™ (D.95)

T 1o0d
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D. NLO Calculations

3-ghost loop:

P ooooooY, |

The ghost loop has to be separated into two directions of ghost flows in analogy to
the closed flows in the loops from above. They are nevertheless numerically equivalent.
We give results for a clockwise flow:

. 6

3gh _ A= 3.3 cade pdbf fce/ ) (ke — a)PH ko)? D.96

A, M —16W2951f o f q( )D0D1D2( 1—q)°q"(q + k2) ( )
i .N

A" = S GE S (O — OO o OMR + PGS (D.97)

The UV-divergent parts are eliminated by the counterterm

. (dg9s  30Z,
ng(gs + 5 ) (D.98)

GLUON-2-GHOST CORRECTIONS

Ghost exchange:
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D. NLO Calculations

The virtual gluon could decay into to different diagrams dependent on the position of
ghost and anti-ghost. We therefore have for each corrections always two diagrams (flow
directions - A: bottom-up, B: top-down).

. i6
Agh 99,A M% 295 3fadefdbfffce 7Fmﬁgwgﬁhqkkﬂ (D.99)
167 ¢ DoD1D;

T8 = g (2ky + kg — q)° + ¢77(2¢ + ko — k1 )* — (k1 + 2Ky + ¢) g™ (D.100)

AG 0 = — 6 55 N et —aCmky by + CHRY — Byl + C*(4K{Ky — k)] (D.101)
. -6

gh—99,B _ =D 1 3 3 ade pdbf fce/ZiFa'yB vp B pk)\ D.102

Ag Tl b e} DD, 9k ( )

A998 N o 31200y iy + CHRY — Byl + O (—2k5RY — KERY)] (D.103)

1622

Gluon exchange:

b

8
.0. "
m,a . f
W,
*e
.
S
S
‘e

. 6
AZgh g,A 4-D 1 iSfadefdbfffce 3 _
2

1
H g /(1DOD1D2 1-(q 2) (k1 —q) ( )

A2gh 9.4 f‘lbC k1. ko (K4 (Co + C1) — K5 Co + kY Cy — K Cha — k5 Coa)

(D.105)

622
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6

2gh—g.B _ A=D1 3 pade pdbf pfee 3/ ¢ eV ke (0 — k D.106
_ i N
Al = _Wffabcgg[’fl-kz(—kg((jo +C1 4 Gy + Cia) + K1(C1 + Cn)) + Ky Coo

(D.107)

It remains the renormalisation procedure.
FOUR-VERTEX CORRECTIONS

This vertex mostly has no complicated kinematical structures. However, the colour
algebra as well as combinatorics are quite intricate in this context! Colour factors and
Passarino-Veltman integrals have been checked twice, partly based on previous calcu-
lations by S. Schmiemann. Large parts of ultraviolet divergences cancel themselves
without taking the counterterm into account. One finds the striking pattern that loops
containing two scalars/bosons subtract divergences of three scalars/bosons in a loop. It
remains to investigate combinatorial factors again since they currently seem to be the
only reason how to absorb the last poles.

Regarding the four-vertex, the gluon has four possibilities to build a loop:

Gluon exchange A (left):

A
PN i
A
N
7
NeW.e
VR
J
///} v, b

— i 1 . a c rc v
4 = 1671'29;1/ Dy D; D, (HT 7Tb}Tz'sth9# (2p1 —Q>p9p)\(2p2+q)k (D.108)
q

4
gA Js CF o 1 aberpe
A4 - 16772 < N 5ab6ts 2Nd iTts)

X (4p1.p2Co + 2(p1.p2Co — mfcl + p1.p2Cs — mgCg) — By)g"”

(D.109)
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Gluon exchange B (right):

W, a

=D 1 1 e ac rcbe _i4 o OT
AP = g§<N55t5de+dd fT#Q)fd fe /79’) 97"
q

1672 DyD1 D,
X (g™(2k1 — @)e + 977 (20 — k1), — 9" (¢ + F1)a)
X (¢°7(2q + ka)y — 9”7 (q — k2)s — 97" (q + 2k2)-)

(D.110)

3 gl
9B — [ Zq0Td 4506 |~ [(AkVEE — 2KV K — 50" Ky k ocH
A (2 b Oanlis | | (ARTRY = 2RHT = B9 ha)Co +10CT oy 1y

— k1 k2" (Cy + Cs) + 2Bogh” — AR{'CY + 4k5CH — kY C™ + KECY]

Gluon exchange C (above):

4 ] 1
AQC _ TD 4 4/ 6 acd TC, T 7d
4 1% 167'('2 Js q DOD1D2 ( )f { } 18 (D].]_Q)

x (201 — @),9” 0% [(q + k1)o g™ — (2k1 — @)ag"" + (k1 — 29),.9™]
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3 4

AZC _° (_dabd . ifabd> Tg . 9s [_g,uzx(4p1_k100 + BO

4 1672

+2p1.k1(C1 + Co) +2miCh) + 2(0H kY + Ki'pY)Co — CPkY

F2HCY — KLY — 4pyCH 4 O]

Gluon exchange D (below):

(D.113)

Take a three-dimensional look on the gluon exchange C: By rotating, we obtain the
same for the gluon exchange above - the cross section contribution is, naturally, equal.

We do not give the u-channel-like contributions since they are easily calculated by chang-
ing the outgoing momenta and the colours a and b so that the colour structure needs a
changed sign in the i f%¢ basis vector.
Once again, we have to treat four possible ways of exchanging a squark (we exclude the
u-channel-like diagrams once more).

Squark exchange A (left)

4-D 1

6
P=p7 o —— 5 N
A4 no2 16W2gs/11D0D1D2 is tz(p1+Q),\(q pQ)p

> [fedcjceba (g/.l)\gllp . g,u,pglf)\> + fedbfeac(gupgy)\ o g,u,l/gp)\) + fedafecb<guygp)\ _ g,ukgllp)]

gA

4 =

4
e {(Fy = F)[(~Coo + Bo + miCo + pr.pa(Ca + C1 = Gy)
—miCy — m3Cs) g™ + pip{(C1 — Chy)
+php5(Cy — Ca2)] + Php5 [F1(Co — C1 — Cy)
+F2012 + F3<CQ + Cl — Clz)] + pgp’f[Fl(C'g + Cl — Cg)
+F5(Cy — Cy — Cy + Cha) — F3C1)}
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N
F = —%f“bc (D.116)
1 N
Fp = —50uw0is + <if“bc - d“'”) T3, (D.117)
1 N
F3 = §5ab5ts + Z <ifabc + dabc) ths (D118)
Squark exchange B (right):
l,s N ya
N
N
\ jx s |
N\ N /{ |
X ¥
Ve N 1
’ A 3 |
g iy
/7
k,t ,/ 4%» v, b
q 4D 1 ¢ e c e a
AP =2 62 galTy, T Ay Ay + Ty T7, A Ay T T?,
< [ 5 1020+ k)20 — o) o
. D()DlDQ q 1)p q 2
) 4
AZB = 1g;2 [TyczncsAUAH + T;sTthAilAlj]ngT:y [40009#11 + ]{?fk?lll(ch + 4011) (D120)
+ELEY (4Co0 4 2C5) — K'kY (4C12 + 2C5) — KA EY (Co + 2C1 4 4C15)]
1 abcrpc 4 abcrpe
Fy = Zd Tis + Zf T (D.121)
N2 -1 1 )
Fy = —— 004 — ——d°T¢ — — fobeTe D.122
2 4N2 bUt 4N t 4Nf ts ( )
with
[T, T, A An + T T A Ay Te. TE, = FLA;j A + FaA Ay (D.123)

Squark exchange C (above):
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- 4-—D Z 1 - c aric v
AZC =K 16#293/(1 DyD1 D, (—i®{T", T }TjiTisgpAg/\ (¢ +p1)p(2¢ — k1), (D.124)

. N? -2 1 4

qc — _ 5.5 T _dabc - rabc Tc 9s

As [ aNz 0% TN ( ol ) | 1672 (D.125)
X (20" 4+ 2p7CH — KYCY — pYKY)

Squark exchange D (below):

This amplitude does not have to be treated for the same reason as in case of gluon
exchange.

Gluon loop:

Combinatorics yields a symmetry factor of 1/2.

S w,a
t v, b
Agg — /L421ig4{Td,Tc}t'/1(—7:4)gm—ggpg7)\
2 ]_67'('2 s J q DQDl

ea EecCi eac € D-126
X [F9b £ (g g — GuoGun) + FFL(Gupgin (D-126)

_g,uugp)\) + feadfebc<guugp)\ - gupgl/)\)]
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4
gs 1 N .,
P = 1672 5(—30) (1= D) - (dap0rs + Ed T
. (D.127)
+(D — 1) - (=0ap0ts — gdadei)

The tensor reductions for the coming loops are trivial, so we only give the amplitude.

Squark loop:

l,s [y a

N Ja
R . €
N oy \
5
/7 \ /
N -’
y, } v, b
k.t  » i,y
. 4
99 __ % ' e e c e f. ) a b ¢ v
A?Lq =p 1671‘298 [TyxnsAijAll + TysEzAzlAlj]{T 7T }/q DOD1 gM (D128)
1 aberpic
Fy = d™Tf, (D.129)
N2 -1 1
Fy = ——0u0ps — ——d™ T, D.130
2T N2 TN T (D-130)
with
[T;xﬂcsAl]All + TstthxAﬂAlj]{Ta, Tb} = FlA'L'jAll + F2Ai1A1j (Dl?)l)

Squark-gluon loop:
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g(i: =D i 4/ 1 _ 54N\ up po OV T T¢ Tb TC D.132
Af u216ﬁ295qpopl(l)ggg{ S THT?, T} (D.132)
{Ta Tc}{Tb Tc} _ H(S 5 + N2 —4 dabc + ’ifabc TC (D 133)
) ) - 2N2 ablUts 4N ts °
We end with the counterterm:

o[ 509s .

10, 2 51']' + 5Zg5ij + 5Zzg + 5ij (D134)
gs

In this vertex the term g2 has to be renormalised. Hence, as we stop before NNLO, we
take in fact the mixing term of the binomial which is still at NLO, carrying a factor 2.

2-SQUARK-GLUON CORRECTIONS

The general structure of this topology was calculated with the help of [12] where the
generic diagram was evaluated (in the convention below; note, that also Mandelstam
variables change). By rotating and renaming the momenta, we enjoy the advantage of
having the opportunity to describe five vertex corrections with one (two for t-, u-channel
and one for the left hand side of the s-channel).

From the convention of momenta, it follows that
Do=q¢"—M;, Di=(q—p)’—M  Dy=(q—p)’— M; (D.135)

Gluon-2-squark loop:

2\
o Nk
A
a Rcsovevolit
7
p g
7/
¥
J oz
ATl = 5 ITRTAT () [ = (20 = b1 — 1)~ 201) G — 202)°
s 16m27s I g DoD1 D, ’

(D.136)
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3
a9 1, . " 2 2
AL T 1672 <2NTJZ> {2(]91 — p2)"B1+ 2p\ By — 2py My Cy — 2py M Co

—4[(p1 + p2)"Coo +p/f(]ﬁ + p1.p2)Ch1 + pg(pg + p1.p2)Caz

D.137
+ P (p3 + p1.p2)Cha + ph (p} + p1.p2)Cha] — 8p1.pa(pCy + phCy) ( )

— (p1 + p2)"[Bo + M§Co + 2]0%01 + 229302 +2p1.pa(Cy + Cy + 200)]}

Squark-2-gluon loop:

11, a

993 _ 4-D { 3 abcTc_Tb '6/1FMVP a B D.1
’As :u 2 1677298f ki ]k;Z . D(]Dlpg gl/a(q +p1) gpﬁ(q +p2) ( : 38)
TR = g (py — 2p1 + @)” + 9" (p1 + p2 — 29)" + 9" (q — 2p2 + p1)" (D.139)
q g) N a
A99T = # <2ng> {p‘f[QBO + 2]\/[300 —2Coo + (p3 — pl.p2)Co

— (5 = 3p1.p2)C1 — (3p5 — p1.p2)Ca — 2(pi + p1.p2)Chi — 2(p3 + p1.p2) Cho)
+ ph[2By + 2M5Co — 2Cq0 + (p7 — pl.pa)Co — (3pT — p1.p3)Ch)

— (p} — 3p1p2)Co — 2(p} + p1.p2)Ci2 — 2(p3 +p1-p2)022]}
(D.140)

Quark-2-gluino loop:
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1 6 3ach'¥;/_11
167T2( t )gsf Tsz]k q( )Dopng
Tr[(g5 P + 95 Pr)(d + Mo) (g1 P + g1 Pr)

x (g —p, + M)V (90 Pr+ 90 Pr)(d — p, + Mo)]

o 4-D
A =5

g{f =1 gé’2 =1
gF = V2R g = —V2Ry;
g¥ = —V2Ry;, g® = V2R

A9 ={2M0M1 (959195 + 959198 ) (P C1 + ph(Co + Co)

+ 2MoMs(g5 91 95 + 95791 9¢) (DY (C1 + Co) + phCs)
+ 2M1 Mo (g5 9195 + 9591 9¢") (P Cy + ps Co)

—2(g5 91798 + 95791 95 ) (1 — p2)" By + p Bo — M (pC1 + phCs)
+ p1.p2(piCr + phCa) — (Bo + M{Co)(p1 + p2)* — Ph (p1.p2C1 + p3Co)

— ph(piCy + Cy)) ¢ X s ETQ(—l)
P2 (P01 + P1.p2C2 1672 2 i

Gluino-2-quark loop:
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Apparently, we expect the same topology due to a generic fermion loop. But the
couplings are different as well as the colour factors:

w=-1 g'=-1 (D.146)
gt =V2Rirg g =—V2Ry (D.147)
gy =—V2Ri, g =V2Rip (D.148)
The kinematical structure is identical, so that we only express the different colour factor
by Crp = iz T4
Gluon loop:

For this diagram, a look at the colour structure is again less time-consuming:
abc 1 c
Cr=1f N(Sab +dup =0 (D149)

CF is so to speak an orthogonality relation of the eigendirections in colour space. Hence,
we do not have to take this contribution into account.

Squark loop:

\
\ 7, T
\\ PRI
\
N JOOTO0000
Ve N s
7/ # Ly
kt o,
q = i . a c c c e 1
Al =" 162 931" T, [T, T Ay Ay + Ty T, A A /q ﬁ(zq —p1—p2)t (D.150)
q gg 1 a 1 a
As = 162 | g TwAiAn — 55T An Ay (—=(p1 + p2)!'Bo + 2B") (D.151)

Squark-gluon loop:
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\
* o
> b
L [
X«
Ve
Vg
Ve
] 7
quA_ % i 3Tb Ta Tb ) L oT T o D.152
9% = 595 T AT T Y 9°7g™"(q + 1) (D.152)
167 q DoDy
_ 3 (N 1

After having calculated the amplitudes one can decompose these vertices into two am-
plitudes, keeping in mind that one of them vanishes due to the Ward identity (if the
vector particle is on-shell, so not in the case of the s-channel).

4—D

As=p 2

i _
1672 [A:(pl + pz)” + .AS (p1 - pQ)”] (D154)
This is of course much more time-saving than evaluating every possible kinematical
structure of the 3-gluon topology. The vertex counterterm reads:

4] 0z
—19s (ggs(sz‘j + 79(5¢j +0Z;; + 52;1-) (D.155)

D.5.1. The Renormalisation of the Strong Coupling Constant

In every vertex needed for our NLO calculation, the strong coupling constant g,, also
expressed by a, = % appears - so it is unsurprising to renormalise g,, too. First, we look
upon the general behaviour of a, - the evolution of the strong coupling in perturbative
QCD is controlled by a perturbative series (S-function) yielding us the scale dependence
(physical scale Q):

oo as )’ as )"
J=02 s [ X -2 8, D.156
o) =@ = (1) =) # (D.156)
In those QCD calculations, one can determine the values of ; by calculating the corre-
sponding loop integrals of order i + 1 and obtains (for the number of flavours ny active
at the scale ) and working within the minimal subtraction scheme) [82]:

2 38 2857 5033 325 ,

fo=1—gny  Bi=102-—ny  fo=————ng+—rnp (DI5T)

131



D. NLO Calculations

This series may diverge already at finite energies (Landau pole) and the perturbative
approach breaks down. Lattice-QCD, however, provides a means to perform predictive
calculations beyond the perturbative realm. In our case, some additional SUSY-specific
terms appear. An easy way to derive dg,/gs, needed in every vertex counterterm (see
above), is simply to compare the UV-divergent parts of a particular vertex correction
with the corresponding counterterms from wave function renormalisation (e.g. the 2-
squark-gluon vertex). As the 0Z;; and the §Z, terms subtract the A-terms of the tensor
integrals in this vertex only partially, exactly the remaining A-terms have to be within
the 0gs/gs result in order to make the whole vertex correction UV finite. Working in
dimensional reduction, we obtain (separately for SM and SUSY where we encounter
again the [3y)

g \“MPE oy /2 11 5g \TUPRE 6y (1 2
SN N T D.1
( ) seo\ g 5o sro\ 3 3¢ (D158)

Js Js

and, in total, the last counterterm we need for the renormalisation [39]:

dg bR Q@
( g:) == 8—;A(nf - 30,4) (D159)

D.6. Box Diagrams

The full amplitudes of the calculated box diagrams are even longer, so we only give the
amplitude, again. First of all, we will again define the denominators:

Di=¢—-M; Dy=(q+p)— M (D.160)

D3:(Q+P1+p2)2—M32 D4:(C]+k1)2—Mf

These expressions belong to the following convention (internal momenta go counter-
clockwise):

q+pm q+k

q+p1+p2

For a time-saving evaluation, we wrote a FeynCalc file performing the tensor reduc-
tion in (bosonic) box diagrams automatically, including all helpful substitutions and
simplifications. The output is a Fortran code containing the nomenclature of our code.
For illustrative purposes, we give an example of a non-trivial substitution - a ¢* in the
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numerator- shrinking the complexity of the Passarino-Veltman integrals enormously. We
begin with adding a zero:

2 2(.2 MQ)
MQ./dD I S /dD (1((]—1 D.161
1 DD DD, T "D, D,D;D, ( )

We repeat that step for the first term, in the second term we introduce ¢ = q + p1:

¢ — 24.p1 + my,
¢ — M3][(G+ p2)* = MG+ k1 — p1)* — M]
Be aware of the different arguments in the Passarino-Veltman integrals after substitution.
The poles are still the same. We add a zero for the third time and interpret §.p; as ¢,ph:

MDDy + M2C, + /qu[ (D.162)

The alternative would have been the contraction of D**** which is clearly no alternative.

We start with the integer-spin diagrams, continue with fermionic boxes and finish with
ghost final states for gauge invariance. The number of boxes in Chapter 4 is reduced
by taking only diagrams into account that have considerably different structures and
cannot be obtained via substitutions.

Box 1:
i o 1, a
~ _ * _
1
c Y m
a 1
Ty,
Y
j -7 n v.b
- 4 4—D D
195 (27T/L> crpa b c / d q -8
B, = Tere b e [ =18, x
! 167T2 ’i7T2 L mi=nm= jn D1D2D3D4Z (pl q)p (D164)
(2q + k1), (2q + p1 +p2 + F1)ug”" (q + p1 + 2p2) o€, (D)€ (P)
Box 2:
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oy 4-D D
igs (2mp) de rdb / d”q
B — aac eTe TC‘
27 1602 in2 PP T D1DyDsD, 8

(q+2p1)7 (p2 — q — p1) g T g TP g7 € (p)e€s(p)

(D.165)

A = (2 +p1 +p2 + k)79 + (ky — g — k1)g" — (ko + q +p1 + p2)tg¥e
P = (ky — q)Pg™ — (¢ + 2k1)"g"" + (2¢ + k1)"g
Box 3:

I CL Y / B .
1672 172 J D1D2D3D4

(¢ — p1)?(2q + p1)"(q + P2 + k1)7g7 g€ (p)es (p) (D.166)

B3 =

TN = g™(q+p1+ ka) + 97" (¢ + p1 — 2k2)™ — g7 (20 + 2p1 — ka)”
Box 4:

i a
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~
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D
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4 4—

gs 2(271—#) e prcad dbe/

B, = T T¢ 1
YT 16r2 in? bl el ™ 7711727)37)4

Tr((gr Pr + grPr) (4 +mg)y" (¢ + K, +mg)y”

(¢ + 9, + 9, + ma) (gL PL+ grPr)(d + p, +ma)le,(P)es(p)

i°(=1) x

(D.167)

g1 = V2R r gr = —V2Ry;, gi = —V2R,;, g = V2R r
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Box 5:
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v

g1 = V2Rip gk = —V2Ry;, 93 = —V2Ry;, g% = V2Rg

Box 6:

By — s _12mu)""

c a cl qu
1672 w2 TmiTanJdnf (1) / D.D,DsD,
Tr[v”(ﬁ +p1 - k2 + mg)(giPL + g%PR)(g + kl + mq)
V(g +mg) (g5 P + ghPR)(d + P, + mg)les(p)es(p) (D.169)

g1 = V2Rip gk = —V2Ryp, 93 = —V2Ry; g% = V2Rg

Finally, we give the two boxes with ghosts in the final state:
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i
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Box 7:
4 - 4—D D
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(2p1 + q) k1 - (p2 — q —p1).(k1 + q)
Box 8:
4 - 4—D D
gs 1(2mp) 6 d pcb d/ d”q
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ST qem e OO [ 5o pp, (D.171)

(2p1 +q)-(k1 +q) - (p2 — ¢ — p1)-Ka

D.7. Real Emissions: Analytical Phase Space Integrals

We used a generic 12-dimensional integral for the phase space integration of the stau
annihilation; its explicit expressions were worked out in [30].

j j 1 d3p1 dSPQ d3q
I.?l:"'jjm — 6 — — —
i1,ein (TrLo,M1,m2) 2 2E, 2F, 2Eq (po b1 — P2 Q)

(+2qpi,)...(+2qp;,, )
(D172)

The integrated squared amplitude of the real emission
1 _
= / IM[2dPS® (D.173)

can be written now via linear combinations of these integrals. First we have to introduce
some special abbreviations like the Kéllen root function (compare to A(...) in Section 6)

k= k(m,mi,m3) = \/mi + mi +m3 — 2(mim? + mim3 +mimi)  (D.A74)

occurring in the g; that have the following form:

50:m%—m%—m§+f<; Blzmg—m%jtm%—/f 52:m3+m%—m§—m
2mimo 2momo 2meomy
(D.175)
They fulfil the property
BoPrP2 =1. (D.176)
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Moreover, the Spence function appears:

Sp(z) = Lis(z) = — /0 ln(lu_u)du — f: 5 (D.177)

The integrals decay into IR-finite and IR-divergent ones. The singular expressions can be
easily identified due to their artificial mass A\. The indices are exchangable by exchanging
my and ms. The singularities are subtracted with the following terms:

Iy = 417713 [/{ In <H2> — Kk —(m?—m)In (g;) —mgIn 50] (D.178)

I = 477;2 [Ii In <1{2> — Kk — (m§ —m3)In (gg) —mjIn 511 (D.179)

Iy = ;2 [2 In <W> In(B2) + 2In*(B2) — In*(By) — In* (1)

4m2 (D.180)
#2500 ) - 500~ ) — 5pl1 - )
Iy = 41771[2) [2 In (W> In(fo) +2n*(By) — In*(B1) — In*(3)
(D.181)

+25p(1 — 82) — Sp(1 — ) — Sp(1 - @3)}

The last one cancels the divergences of the Cy(m?, s, m3, A2, m?,m3), whereas the first
two remove the poles of the counterterms. There are various IR-finite integrals:

1 [k
I= e 5( o4+ mi +m3) + 2mim7 In(Ba) + 2mim3 In(B;) + 2mim] ln(ﬂo)]
0
(D.182)
1
Iy = i [—Qm% In(By) — 2m31In(B;) — Ii} (D.183)
0
L= [—2m In(Bs) — 2m3 In(fo) — k| (D.184)
0
17 K ]
= - [t n(8) — 2 — 2m2 4+ ) n(80) — %o — 3+ 5md)] - (D.185)
0l ]
17 K ]
I = g miIn(By) — m3(2m3 — 2m + m3) In(B;) — Z(mf —3mi +5m3)| (D.186)
21 ]
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E. Technical Details: Sommerfeld
Enhancement

This collection of formulae starts with recapitulating the zero-distance Green's func-
tion to the Hamiltonian describing the dynamics of the quasi-stauonium, given as an
expansion up to NLO:

o m2
G5 +iT) = " s g1 U yp 0] (m)
s 41
We define the quantities ‘
o — ia(pc) (E.2)
2v
v — \l \/§+ Z’Ff—l — 2m7~—1 (E?))
mﬁ
L= 1n< e ) (E.4)
2ms v
and the function p p
¢(n)(1 —K) = qan (“YE + C&F(Z)’z:1—5> (E.5)
with the Gamma function .
]Xx):./ff%WJdt (E.6)

0

and the Euler-Mascheroni constant d/dzI'(z).—, = vg = 0,5772 to express gnyLo given
by
1
=g, L E.7
gro o + P (E.7)
gnro =Bo[L? — 2L(® — kp D) 4 kyp@ 1 (02
— 3™ — 25Oy 4 4,4F5(1,1,1,1;2,2,1 — k; 1)]

+ay (L — 9O + k)
with

m=-3 Y@ h=-330 (E3)
f f
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The sum contains all fermions f up to the scale of the typical momentum exchange.

One special function still needs our attention, the generalised hypergeometric function.
Before treating them, we discuss how to get rid of the double counting of the LO contri-
bution as it was calculated in the tree level diagrams: We expand the expression from
above in powers of the fine-structure constant and see that the term —i yields the only
LO contribution. This term of course has to be subtracted, namely:

36005 +iTm)} =t 3{ 1] (£9)

Now we turn back to the hypergeometric function , ;. Using again the Eulerian Gamma
function, we can express it via

qu(al,...,ap;bl,... ZH

k=01i=1

k

/’{:—l-aZ il
.1:1 k:+b)k

(E.10)

To use parameters a, b yielding poles is naturally restricted. This special function con-
tains, in its general form, several trigonometric functions, the (modified) Bessel functions
and more. The trivial case oFy(;; 2) is the complex exponential function. Unsatisfacto-
rily, the convergence of this series underlies diverse constraints. If p < ¢+ 1 (a), the
ratio criterion claims the quotient of the coefficients to be bounded, going towards zero.
This implies convergence for finite z. For the important case p = ¢ + 1 (b), the ratio
criterion gives an unclear answer. The divergence for |z| > 1 is obvious, our |z = 1] is
instead difficult to treat. Absolute convergence is guaranteed for the case

Re(ibj —iz:ai>> 0 (E.11)

and if not, we can at least give a convergence condition for real z arguments, z — 1:

i=1

d P q
(1— z)% log(pFy(an, ..;ap;br, .., bg; 27)) =D a; — j:z;bj (E.12)

Working out the case p > ¢ + 1 (c) yields even divergences for z = 0. Finally, the
implementation should be commented: The basic structure of the code was written by
M. Meinecke [63] for QCD resummation. At some points, a few simplifications were
carried out as well as the QED modifications by the author of this work. The Gamma
function had to be implemented approximately, using the Lanczos approximation:

T(z41)=V2r(z+g+1/2)" 2 exp(—2 — g — 1/2)A,(2) (E.13)
with 1 z z2(z—1)
Ag(z) = §Po(9) +p1(9)? +P2(9)m +o (E.14)
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containing an arbitrary constant g and

i(g) = zk: C(2k+1,2a+ 1)‘7/?(@ —1/2)(a+g+1/2)" VD expla+g+1/2) (BE.15)

with C(i, 7) representing the Chebyshev polynomial coefficient matrix.

Following [65], an improvement of the convergence of our series was implemented:

1
a’z(z —2)2 —a))(a — 2)?

x [a*(z — 1)1F5(1,1,1,1;a,a, z + 1;1)
+ala—1)%2(3a+1—42),F3(1,1,1,1;a+ 1,a,2;1)
+(a—1)*2(z —a)sF3(1,1,1,1;a+ 1,a + 1, 2;1)]

4F3(17 17 17 1;@,@,2; 1) =

1 (a—1)*
F5(1,1,1,1;a,b,2;:1) = F5(1,1,1,1; 1.b,2:1
4 3(7 , 1, 1,4, 0, 25 ) a—i—b—f-a:—él a(a—b)(a—z)4 3(7 ) L ,CL+ , 0, 23 )
(b-1)*
F3(1,1,1,1;a,b+1,2:1
+b(b—(l)(b—2)4 3(7 y 1, Ly a, + y 2 )
(z — 1)

F5(1,1,1,1;a,b 1;1
Z(Z-CL)(Z—b)4 3(7 , L, Ly a, 72_'_ ) )

These results arise from the identity

1 4
+22(7 —42)4F5(1,1,1,1; 3,2, 2; 1)

x(r —2),4F5(1,1,1,1; 3,3, 2; 1)]

141



F. Dipole Formulae for Real
Corrections of Stau Annihilation

The integration over the gluon phase space in the diagrams of Fig. 7.3 led to the integral

Crg; (47)° e\ N
sz T 0 |\sp) \Valsrzmamaie) =

LLalmg,€) 21n<“2>+5 - 4(2)]

(F.1)

CF 512

With the definitions 8 = /1 — 42, u, = mg/v/s and s;g = s — 2m2 we can express V,
decomposed into a singular and a regular part V° + V¥ as follows:

1 +ﬂ2
Vs(slg,mq,mq,e) = l ( )
e \1 +5 (F.2)
_Ly2(l=h 2) +In
o " \1+ )"
3
VS (519, mg, g5 €) = 5 ( >+
2
e e )
—2L12<1 +5> —((2 ] ( - 5 ) (F.3)
_ (32 /1T — R2
—2In(1 — /1 — j32) — 1+§2 n< b%)
VICFR - JIF
+3C(2)—2_\/1_752+2 5
It remains the definition of
Ly(mg;€) = C’F[1 1111(82)] (F.4)

with the renormalisation scale Q. Furthermore, the dipole contributions from |M?73|? =

D3 9+ D31 need an explicit expression. These elements are related via the interchange
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of k1 and ky. Hence, we only give

8ma

1 2(1 —2u2)
D31,2 - CYF ’Mtree|2 : 1
s 1—29|2—21 — 22
B Ty — 247 Ty —1 2415 (F:5)
- > |2+ 5 T
[23 — Ap2 1 —2pu; Ty —2pg 1 — a9

with the abbreviations z; = 2k;.q/¢?, ¢*> = (k1 + ko + k3)* = s.
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