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Zusammenfassung

In der vorliegenden Doktorarbeit wird eine minimale supersymmetrische Erwei-
terung des Standard Modells (MSSM) mit erhaltender R-Paritét angenommen.
Hierbei is das leichteste Neutralino ein guter Kandidat fiir kalte, dunkle Materie.
Durch den Vergleich der theoretisch vorhergesagten Neutralinorestdichte mit dem
experimentell sehr genau bestimmten Wert, konnen strenge Grenzen an den MSSM
Parameterraum gesetzt werden. Um die experimentelle Genauigkeit zu erreichen, ist
es notwendig Unsicherheiten innerhalb der theoretischen Berechnung zu reduzieren.
Eine der Hauptunsicherheiten liegt in der Berechnung des Wirkungsquerschnitts
von Annihilations- und Koannihilationsprozessen des Dunkle-Materie—Teilchens.

In einer phenomenologischen Studie untersuchen wir das Zusammenspiel zwischen
Neutralino-Neutralino—Annihilation, Neutralino—Stop—Koannihilation und Stop—
Stop—Annihilation ndher. Wir zeigen, dass Neutralino-Stop—Koannihilation signi-
fikant zur Neutralinorestdichte beitragen kann. Auch hinsichtlich der Entdeckung
eines Higgsbosons mit einer Masse von 125 GeV ist dieser Prozess sehr interessant.
Auf Grund dieser Motivation haben wir alle supersymmetrischen QCD Korrek-
turen der Ordnung O(a;) zur Neutralino-Squark—Koannihilation berechnet. Wir
beschreiben detailliert das von uns gewéhlte DR/on-shell Renormierungsschema zur
Behandlung der ultravioletten Divergenzen und présentieren die sogenannte ,phase
space slicing“~Methode, mit der wir softe und kollineare Divergenzen isolieren. Zu-
sétzlich gehen wir auf die spezielle Behandlung von auftretenden on-shell Zustédnde
in Propagatoren ein.

Die gesamte Berechnung ist in das Softwarepaket DM@NLO implementiert worden
und dient somit als Erweiterung zu existierenden Computerprogrammen, die eine
numerische Berechnung der Restdichte dunkler Materie durchfithren. Diese aller-
dings verwenden in ihrer Berechnung lediglich Wirkungsquerschnitte, die auf einem
effektiven Born—Niveau berechnet worden sind.

Am Beispiel von drei Szenarien untersuchen wir den Einfluss der berechneten Korrek-
turen auf den Wirkungsquerschnitt der Annihilations- und Koannihilationsprozesse.
Hierbei beobachten wir eine Korrektur von bis zu 30 %. Dies wiederum fiihrt zu einer
Korrektur von ca. 5-9 % auf die Neutralinorestdichte, was grofier als die momentane
experimentelle Unsicherheit ist. Es ist daher notwendig, die hier behandelten Kor-
rekturen fiir eine prézise Vorhersage der Neutralinorestdichte zu beriicksichtigen.
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Abstract

In this thesis, we assume a minimal supersymmetric extension of the Standard Model
(MSSM) with conserved R-parity such that the lightest neutralino is the cold dark
matter candidate. A stringent constraint on the MSSM parameter space can be set
by the comparison of the predicted neutralino relic density with the experimentally
determined value. In order to match the high experimental precision, uncertainties
within the theoretical calculation have to be reduced. One of the main uncertainties
arises from the cross section of annihilation and coannihilation processes of the dark
matter particle.

In a phenomenological study we investigate the interplay of neutralino-neutralino
annihilation, neutralino-stop coannihilation and stop-stop annihilation. We demon-
strate that neutralino-stop coannihilation contributes significantly to the neutralino
relic density and is furthermore very well motivated due to the recent discovery of
a 125 GeV Higgs boson.

Due to this ample motivation we have calculated the full O(ay) supersymmetric QCD
corrections to neutralino-squark coannihilation. We show in detail our DR/on-shell
renormalization scheme for the treatment of ultraviolet divergences, and describe
the phase space slicing method which is used to handle soft and collinear infrared
divergences. Further, we comment on the treatment of occurring intermediate on-
shell states.

The whole calculation is provided within the numerical tool DMO@NLO that serves as
an extension to existing relic density calculators, which consider only an effective
tree-level calculation. Based on three example scenarios we study the impact of the
NLO corrections on the total (co)annihilation cross section, and observe corrections
of up to 30 %. This leads to a correction of 5 —9 % on the relic density, which is
larger than the current experimental uncertainty and is, thus, important to be taken
into account.
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1 Introduction

Almost hundred years ago, the first hint on the existence of dark matter was found.
Since then, the nature of dark matter belongs to one of the biggest unsolved questions
in modern physics. Over the past years, many theories have tried to accommodate a
dark matter particle within the established theoretical framework. Supersymmetry
is probably the most often discussed theory within this context. This is due to the
fact that the minimal supersymmetric extension of the Standard Model of particle
physics with conserved R-parity provides naturally a good cold dark matter candi-
date.

The properties of this particle fulfil all the requirements on dark matter which have
been set through various experiments. While astrophysical observations are able to
give us information about the characteristics dark matter has to possess, we have,
however, not yet managed to clearly identify a specific particle forming dark matter.
To do so, all over the world, many different astrophysical and collider experiments
try to discover such a dark matter particle.

Although we do not exactly know what dark matter is, we know very precisely how
much dark matter is around us. Due to measurements of the cosmic microwave back-
ground, we have a precise value for the relic density, which describes the amount of
dark matter that is present today.

Having a precise measurement of the amount of dark matter on the one hand, and
a theory which is able to describe a particle which could account for dark matter on
the other hand, we can combine both in order to constrain the theory based on ex-
perimental observations. By taking advantage of the interplay between astroparticle
and particle physics, further bounds can be considered like the mass of the recently
discovered Higgs boson, for instance. Thus, one is able to exclude certain regions in
the parameter space of a theory or to identify a particle in case of a discovery.

In order to match theoretical predictions with experimental observations it is crucial
that the theoretical uncertainties are at least of the same order of the experimental
errors. However, especially with the new data from the Planck satellite, which has
measured the cosmic microwave background with an unprecedented precision, the
theoretical uncertainties in the prediction of the relic density are larger. Thus, there
is a common effort within the community to reduce these uncertainties in order to
provide a more precise relic density prediction.

As the relic density depends significantly on the cross section of the (co)annihilation
of dark matter particles, one possibility is to improve the calculation of this quantity.
As up to now, public computing tools calculate the relic density based on a tree-level
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calculation, it is promising to calculate the relevant cross sections at next-to-leading
order such that the theoretical uncertainty can be reduced.

Not only pair annihilation of two dark matter particles contributes to the calculation
of the relic density, but also coannihilation processes of dark matter with an almost
mass degenerate second particle. In case of the minimal supersymmetric extension of
the Standard Model (MSSM), for example, coannihilation of neutralinos and stops
can occur.

Therefore, we want to study in this work neutralino-stop coannihilation in the con-
text of achieving the experimentally determined relic density as well as with respect
to current constraints arising from particle physics. In order to obtain a more pre-
cise relic density prediction, we perform a full next-to-leading-order SUSY-QCD
calculation to neutralino-squark coannihilation, and study finally its impact on the
neutralino relic density.

We demonstrate that the achieved corrections are larger than current experimental
uncertainties, and, thus, are important to be taken into account, in particular re-
garding exclusion bounds within the MSSM parameter space.

The thesis is organized as follows:

In Chapter 2 we motivate, why Supersymmetry is an appealing extension of the
Standard Model of particle physics. We further give the basic theoretical building
blocks of Supersymmetry and introduce the MSSM, which we consider in the fol-
lowing. We give an overview of the MSSM particle content including the lightest
neutralino, which is assumed to be the dark matter candidate.

In the subsequent Chapter 3 we focus on dark matter. Evidence for the existence
of dark matter is given, and the necessary requirements on a possible dark matter
particle are discussed. We further review some frequently studied dark matter can-
didates, stress their advantages and comment on their shortcomings. Moreover, we
give an overview of the current status of different dark matter searches.

Having set the theoretical and experimental foundations, we focus further on the
calculation of the relic density in Chapter 4, as this will be important to understand
the impact of the (co)annihilation cross section. Since we focus on neutralino-stop
coannihilation in this work, we show explicitly the calculation of the relic density
including these coannihilation processes and conclude with discussing uncertainties
which enter the calculation.

In the subsequent Chapter 5 we discuss the current status of loop corrected
(co)annihilation cross sections and introduce the numerical package DMONLO. This
code provides the SUSY-QCD corrected cross sections for all relevant processes
which enter the relic density computation. It can be used as an extension to existing
relic density calculators in order to obtain a more precise theoretical prediction for
the relic density.

In Chapter 6 we concentrate on the phenomenology of neutralino-stop coannihila-
tion. We show the interplay between different (co)annihilation processes to the relic
density, and put it in the context of other experimental constraints. A performed
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parameter study is discussed, in which we study the interplay of different final states
of neutralino-stop coannihilation. Moreover, we introduce three example scenarios,
which we will use in order to discuss the impact of the calculated corrections in a
later chapter.

The performed one-loop calculation will be topic of Chapter 7, where we elaborate
on the virtual contributions occurring in the Higgs and vector boson final states.
We show all relevant diagrams and introduce our generic implementation within the
DM@NLO code. The corresponding details regarding the virtual corrections are given
in the Appendix.

The renormalization procedure is explained in Chapter 8. The chosen renormal-
ization scheme is motivated, and all necessary counterterms which are needed within
the calculation are given explicitly.

The treatment of the real contributions is presented in Chapter 9. We introduce the
phase space slicing method for massive and massless final states in order to treat
carefully the occuring soft and collinear divergences. We put this in the context of
other approaches and discuss the case of intermediate on-shell states which occur
within the calculation of the W+ final state.

Having discussed in detail the full one-loop calculation, we demonstrate the impact
of the loop corrections in Chapter 10. We study in detail the effect on the cross
section for different final states based on the example scenarios we introduced before.
Further, we show the impact on the relic density and show the significant shift on
the PLANCK favoured regions of parameter space.

Finally, we conclude in Chapter 11.

Parts of the thesis have already been published in Refs. [1, 2]. For those parts,
however, we show here more details and updated plots taking into account the latest
results of PLANCK.






2 Supersymmetry and the MSSM

With the recent discovery of a Higgs boson [3, 4], particle physics is one step further
in solving the question of electroweak symmetry breaking. However, it is still an open
question if the discovered particle is the Standard Model Higgs boson or merely a
Standard Model like Higgs boson of another underlying theory, like Supersymmetry
(SUSY), for instance.

As Supersymmetry can explain the existence of a Higgs boson as well as several
shortcomings of the Standard Model, it is a well motivated and broadly studied
theory. In the following, we will discuss the motivation of Supersymmetry and its
underlying theory. Furthermore, we introduce the Minimal Supersymmetric Standard
Model (MSSM) and the corresponding particle content, which will be necessary for
the discussion within this work.

2.1 Motivation of Supersymmetry

The Standard Model of particle physics is an impressive theory which has described
fundamental interactions and elementary particles which all have been discovered
with dedicated experiments throughout the last decades. Nevertheless, there are still
some remaining open questions which cannot be explained by the current Standard
Model.

First, we have hints that there is something we call dark matter. However, the
common Standard Model of particle physics cannot explain dark matter with its
known particle content by itself. In order to obey all constraints on dark matter we
know so far, a new kind of particle is expected to exist. For a detailed discussion on
dark matter we refer to the next chapter 3.

Second, the aesthetic issue of unifying all three gauge couplings at a high scale would
require some new physics beyond the Standard Model. New physics could modify the
running of the couplings above the electroweak scale such that unification would be
possible. Theories which give rise to such a unification are also called Grand Unified
Theories (GUT).

Another motivation we want to mention for physics beyond the Standard Model
concerns the so called hierarchy problem [5, 6]. The Standard Model of particle
physics is an effective theory and thus, valid up to a mass scale A. This scale enters,
for instance, the one-loop contributions to the Higgs mass my,. Thereby, the dominant
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Figure 2.1: Standard Model fermion contribution (left) and scalar contribution (right) to
the Higgs self energy.

contribution comes from the fermion loop carrying a quadratic divergence.

2
1672

Am3 (f) A2 (2.1)

With the cutoff-scale being around the Planck-scale, this is in clear discrepancy
with expecting the Higgs mass around the electroweak scale bounded by triviality,
perturbativity and vacuum stability. A huge fine-tuning would be necessary to cancel
this divergence order-by-order. Therefore, a new symmetry which protects the Higgs
mass would be much more natural, similar to the gauge or chiral symmetry, which
prevents the masses of the gauge bosons or scalars, respectively.

One solution to the hierarchy problem and also to the other aforementioned issues
would be Supersymmetry. This theory introduces a bosonic degree of freedom for
every Standard Model fermionic degree of freedom and vice versa. The contribution
of a supersymmetric scalar particle to the Higgs boson can be written as

Af
1672

Am?(f) =2—L A2 (2.2)

Under the assumption of |A\f[* = Aj, the loop of Eq. (2.2) would exactly cancel
the quadratically divergent contribution of the fermion loop to the Higgs mass of
Eq. (2.1), see Fig. 2.1. The difference in sign arises from the closed fermion loop,
the factor two in Eq. (2.2) is due to two chirality states of the scalar particle. Thus,
Supersymmetry would prevent the Higgs mass from large quadratic divergences.
As Supersymmetry is able to circumvent all the aforementioned shortcomings of the
Standard Model of particle physics, we want to have a closer look on its algebra,
the minimal supersymmetric extension of the Standard Model (MSSM), and finally
study the SUSY particle spectrum.
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2.2 The Theory of SUSY

Supersymmetry is a fascinating theory, not only because of the aforementioned phe-
nomenological consequences, but also from a more mathematical point of view. In
the following we want to study the theoretical motivation further, in order to derive
the supersymmetric Lagrangian in the end of this section.

2.2.1 SUSY Algebra

Supersymmetry is the only possible way of combining the space-time symmetry
of the Poincaré algebra with another continuous symmetry of the S-matrix consis-
tent in a non-trivial way within the relativistic quantum field theory. In the 1960s,
the Coleman-Mandula No-Go theorem [7] stated that a Lie algebra containing the
Poincare algebra as a subgroup and another internal symmetry has to be a direct
sum and it is not possible to join them in a non-trivial way.

However, in 1975 the Haag-Lopuszariksi-Sohnius theorem [8] claimed on the basis
of work which was done by Wess and Zumino, that Supersymmetry can evade the
Coleman-Mandula theorem by going beyond usual Lie algebras. Considering graded
Lie algebras which also involve anticommutator relations, the Coleman-Mandula
Theorem does not apply anymore. Within a Z, graded Lie algebra, even (bosonic)
and odd (fermionic) generators exist. The bosonic generators of the Lie subalgebra
obey the Coleman-Mandula theorem, and is a direct sum of the Poincaré algebra
with internal symmetries. The odd generators, however, belong to the (%,O) and
(0, %) representation of the homogeneous Lorentz group. With spinorial generators
existing in the fermionic subalgebra, the so-called supercharges (), a transforma-
tion between both subalgebras is possible. Thus, a non-trivial fusion of space-time
symmetry and a Z, graded Lie algebra is achieved.

Thus, the theory of Supersymmetry is the most general continuous symmetry of the
S-matrix which is consistent with the Coleman-Mandula theorem. It is an outstand-
ing mathematical and physical motivated theory, which ever since has been a highly
attractive and widely discussed topic. For further details concerning the Coleman-
Mandula theorem and a detailed derivation of the Haag-Lopuszanksi-Sohnius theo-
rem, we suggest Refs. [9] and [10].

In the following, we focus on N=1 Supersymmetry, such that we consider only one
additional fermionic generator QY=1. This generator makes the transformation of a
fermion to a boson and vice versa possible

Q. |fermion) = |boson) and Qa|boson) = |fermion). (2.3)
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The underlying algebra consists of the usual Poincare algebra, which is given by

[P, P,)] =0, (2.4)
(M, Pyl = i(nupBu = nup o), (2.5)
[M;u/a Mpa] = _i(nupMua - nuaMup - nupMua - nuaMup)a (26)

where P, is the generator of space-time translation and M, the generator of the
Lorentz-transformations. This is enlarged to the super-Poincare algebra by

{Qa: Qs} = 20", P, (2.7)

{@",Q% = 20", P, (2.8)

{Qu@s) ={0" 0 =0 (2.9)

[Qa, P"] =[Q", P =0 (2.10)

(M, Qa] - = =(04)aQs (2.11)

M, QY = —()5@ (2.12)

Qu: Rl =Qu[Q", R =-Q, (2.13)

where o', = (1,0;) and 7, = (1,~0;) with o; being the Pauli matrices. Q, is

the fermionic spinorial SUSY generator. An additional global U(1)-symmetry of the
algebra can be identified, which is called R-invariance. The corresponding generator
is indicated by R.

The subscript a = 1, 2 indicates the (%, 0) representation, whereas & = 1,2 denotes
the (0, 1) representation of the homogeneous Lorentz group.

To obtain a complete theory, the usual Minkowski-space with its four “bosonic” com-
muting space-time coordinates has to be extended by four “fermionic” anticommut-
ing Grassmann variables 8,-; 2 and 55-:172, denoted as two-component Weyl spinors
obeying

{04,035} = {gd,gﬁ-} = {Qa,gﬁ-} =0. (2.14)
These eight coordinates build up the so-called superspace.
Defining the following unitary operator in terms of the Hermitian operators P, Qq
and @
U(z,0,0) = 00 +0Q—z.P"), (2.15)

we can calculate the product of two of these transformation operators

Uty €6 (1, 0,0) = Ula + 1 — i0°(0,) g€ 0+ € 0+, (216)
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The additional term in the Minkowski-coordinates of the resulting transformation is
caused due to the fact that Q and @ do not commute. This makes the non-trivial
connection of both groups visible.
We can now apply this transformation on a function in superspace ®(z, 6, @), which
is called superfield. This results in

U(au,f,g)U(xu,G,g)q)(O)U (SL’H,H U~ (aﬂ,g €)
= B0, + 7, — i0°(0,),5E O+ €+ E). (2.17)

In order to obtain the differential representation of the group operators we analyse
the infinitesimal variation of this superfield §,®, and obtain

0 =B —~ 0 | .5
Qa 67 — 10 69 a‘u Qd = _ﬁ + 10 Uﬁaa (218)
The covariant derivatives are defined as
0 — 0
D, =— H Dy=——r —ifP 2.1
“= 36, +io? 9 6 & e 10”0550 (2.19)

and anticommute with supersymmetric transformations

(Do, Qp} = {Da, @'} = {D, Qs} = {Ds, @'} = 0. (2.20)

For further details the reader is referred to Refs. [11-13].

2.2.2 Chiral Superfields

The general scalar superfield can be expanded as a power series in 6 and 6 in terms
of its component fields

®(x,0,0) = o(z) +0v(x) +0 X() + (99)m($)+(9
+ (00"0)Ayu(x) + (00)0 X )

where we have suppressed the spinor indices for better readability. With the square of
two Grassmann-numbers being zero, the expansion of the superfield is finite. There-
fore, a superfield describes a finite multiplet of (component) fields: ¢(z), m(z) and
n(x) being complex scalar or pseudo-scalar fields, ¥ (z) and ¢(x) are left-handed
Weyl spinor fields and Y(x) and A(z) the corresponding right-handed ones. Finally,
A,, denotes a Lorentz four-vector field and d(z) a real scalar field. In the following,
we deduce the meaning of these fields in the context of particle physics.

The reducible representation in Eq. (2.21) can be reduced to irreducible superfields
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by imposing covariant constraints

Da®(z,0,0) = 0 (2.22)
D,®'(2,0,0) = 0 (2.23)
O(z,0,0) = '(x,0,0). (2.24)

The fields which obey the first two conditions, are the so-called chiral superfields. The
third condition defines a vector superfield, which will be addressed in the next section.
These chiral superfields are able to describe the chiral Standard Model fermions and
their supersymmetric partners. The first condition (2.22) requires a left-handed and
the second one (2.23) a right-handed chiral superfield.

By performing a variable transformation y* = z*+ifo*6 and requiring the condition
(2.22) the left-handed chiral superfield ®; becomes

Ly, 0) = o(y) + V200(y) + (6 O)F(y). (2.25)
The same is true for the right-handed one
Dp(2,0) = ¢*(2) + V2 0 ¥(2) + (0 0)F*(2), (2.26)

with 2 = g4 — i0coHf.

The component fields transform under infinitesimal transformation as [14]

5:0(y) = V2ai(y) (2.27)
0b(y) = V2aF(y)+iv20"00,0(y) (2.28)
0. F(y) = —ivV29,1(y) o'a. (2.29)

Hereby, Eq. (2.27) demonstrates the transformation of a boson to a fermion, whereas
Eq. (2.28) expresses the inverse transformation. The component field F(y) trans-
forms into a total space-time derivative, and thus, the action of this field is invariant
under supersymmetric transformation. The component field F(y) is also called an
auxiliary field.

2.2.3 Vector Superfields

Having now the possibility to describe spin-0 bosons and spin-1/2 fermions based
on chiral superfields, we focus in the following on the so-called vector superfields V.
Thus, the description of spin-1 bosons will also be possible. A vector superfield is
defined by the condition of being self-conjugate, see Eq. (2.24). It can be written as

V(z,0,0) = C(x)+0&x)+0 E(x)+ (0 0)M(x) + (0
0 )

+ VM (z) (2.30)
+ (00"0)A,(z) + (0 0)0 A(z) + (0 0)0A(z

10
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where C'(x) and D(z) are real scalar fields, M (x) is a complex scalar field, £(x) and
A(x) are complex spinor fields, and A, a real vector field. Having the freedom of
choosing an appropriate gauge, we consider the Wess-Zumino gauge [13]

Vivz(2,0,0) = V(x,0,0) + &(z,0,0) + &' (z,0,0), (2.31)

with ® being a general chiral superfield. It is the supersymmetric extension of a gauge
transformation. With a proper choice, the component fields {(z) = C(z) = M(z) =0
vanish.

However, the Wess-Zumino gauge does not fix all gauge freedom, therefore we can
assume a conventional Abelian gauge transformation A,(z) — A,(z) + i0,¥(z).
Finally, a general vector superfield looks like

V(2,0,0) = (00"0)A,(x) + (0 0)0 Nx) + (0 0)0A(x) + (0 0)(0 0)D(x)(2.32)

where A, (z) is a real vector field, A(z) a complex spinor field and D(x) a real scalar
field.

As in the previous case, we call the highest order component field D(x) an auxiliary
field. Similar to the auxiliary field F', it transforms as a space-time derivative and
thus, its action is invariant under supersymmetric transformation.

2.2.4 Supersymmetric Lagrangian

Finally, we construct the supersymmetric Lagrangian. The action of the Lagrangian
has to be invariant under supersymmetric transformations such that the Lagrangian
has to vanish up to a total derivative.

To this end, we investigate the product of two and three left-handed chiral superfields

CriPro = (61 + V2001 + (0 0)F1)(ds + V2045 + (6 0) F)
= G102 + V20(dr1bs + o) + 00(01 Fy + ¢oFy — ry) (2.33)
D 1Pro®rs = G1oags + V20(Pr1das + P11hads + Yidacs)
+  (00)(p102F3 + 91 Fap3 + Fioaps)
— (00) (V19203 + V102103 + Pr0at)s). (2.34)

As already discussed, the component field with the highest order in 6 of the ex-
panded chiral superfield transforms under supersymmetric transformation as a total
space-time derivative. Thus, the last term of Eq. (2.33) and Eq. (2.34) which is linear
in (60) is also called F-term and contributes to the later Lagrangian.

The —1)1105 term of Eq. (2.33) will give rise to a fermion mass term. The — (119903 +
1 a3 + P11ha1)3) part of Eq. (2.34) describes Yukawa interactions between a scalar
particle and two fermionic ones.

The discussion of multiplying more than two chiral fields does not have to be con-
sidered, as this would cause terms with mass dimension greater than four. This,

11
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however, would lead to non-renormalizable interactions.

Another possibility of combining chiral superfields is the product of a left-handed
chiral superfield with its conjugate, a right-handed chiral superfield. With the prod-
uct being a vector superfield, the part which is invariant under SUSY transformation
is the term linear in 66600

O,01| = FF* — $3,0'¢0" — ivho,0". (2.35)

I
Therefore, this part is going to be considered for the supersymmetric Lagrangian as
well. In the last two expressions of the latter equation we identify two kinetic terms
for the scalar component ¢ and the fermionic ¥. The term F'F* of Eq. (2.35) is the
scalar superpotential, which is by definition always larger than or equal to zero. A
kinetic term for the F' component field, does not appear though, which means that
this field does not propagate and is only an unphysical, auxiliary field.

The Lagrangian we have constructed so far, can thus be written as

1
= 2.36
: S 23)

L=o
F

)\qu)lq)J(I)k + hC)

1
5 + (giq)i + §mijq)iq)j +

with the first term being the canonical Kéahler potential, and the second term the
superpotential VW

1 1
F

Because the Lagrangian does not contain any derivatives of the auxiliary field F' one
gets simple expressions for the Euler-Lagrange equations

32@) = Fi (@) + gi + mijoj(x) + Ao (x)op() = 0 (2.38)
Fr@) — D@ Ee () + Npdj(@)ei(@) =0 = Fi= =

such that the terms containing the component field F' can be expressed in terms
of the scalar field ¢(z). Therefore, a chiral superfield has only two bosonic degrees
of freedom from the complex scalar field ¢ and construct a supermultiplet together
with the two fermionic degrees of freedom of the Weyl-spinor field .

However, we have not considered all possible interactions for the final Lagrangian.
Next, we focus on the interaction of spin-1 particles and construct the Lagrangian
of a supersymmetric Abelian theory. Similar to the electromagnetic field strength
F,, =0"A, — 0,A,, a supersymmetric field strength can be defined as [11]

1(D D)D.V (x.9,0) (2.39)

Wa
W4 =—-4(D D)DyV(z,6,0), (2.40)
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where W, and W, are chiral superfields and invariant under SUSY transformation.
Herein D, D indicates the auxiliary field, D,, D, the covariant derivatives, and V
a general vector superfield. The supersymmetric field strength can be expanded in
terms of component fields

Wa = Aaly) + D(y)0a — (0" 0)aFpuy) + i(00)0" 0,3 () (2.41)

Wo = Xal2) + D(2)8a — €45(0"0) Fu(2) — i(8 8)(9,M(2)0")s.  (2.42)

With the supersymmetric field strength being a chiral superfield, also the expression
W,W® is a chiral superfield, such that the relevant expressions for the Lagrangian
are again the terms linear in 6. The corresponding Lagrangian for the Abelian case
reads

L = % <W“Wa +Wde) ‘
1 1

= LDa) — (R0 () + %A(x)aﬂaj(x) - %(3@(:5))0—#}(;1;),(2.43)

F

with z# = 2# — i00"0, and y* = 2" + i0c"f, respectively. The auxiliary field D(x)
can be again substituted by making use of the equation of motion. The fermion A
which enters the gauge action will be the gaugino.

The last step before obtaining the final Lagrangian is to discuss the non-abelian
gauge interactions. A vector field transforms under a general non-abelian super-
symmetric gauge transformation as

e — e eVl (2.44)

where A denotes a chiral superfield specifying the gauge transformation. A similar
generalization is performed for the field strength

W, — e “W,e (2.45)
W = AWe i, (2.46)

Note that in the Abelian case Eq. (2.44) simplifies to Eq. (2.31), with ® + ®T =
iA — AT

Taking into account the modified expressions of Eqs. (2.44)—(2.46) and combining
Eq. (2.36) with Eq. (2.43), the final supersymmetric Lagrangian is obtained as

1 —aTaa
L= )y +7 (weews + wiwe) ‘ F V@) he)| L (2.47)

F F

13
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where a indicates gauge indices. In terms of component fields we can find [11]

L = ZwJO-MD 1/’ +( Zgbj) ( ik gbk))‘ —\/_g( Z ngijrh.c.)

1 a ra a *
- 4FuVFu + A O'uD - V(gbz, gbj) - 57702’17[)])/\}”(@5) + h.c. s (248)
where the covariant derivatives are defined as DZ- = 0;;0" +1g A** T, with A*® being
a gauge field, g the corresponding gauge coupling, and T} the generators of the
group. The scalar potential consists of

1
V@i, 07) = 7 + 5D D", (2.49)

. T a a
with F, = aa% and D = —ngm%-

On the basis of this most general supersymmetric Lagrangian, supersymmetric ex-
tensions to the Standard Model can be constructed. In the following we focus on
the smallest possible extension of the Standard Model, the Minimal Supersymmetric
Standard Model.

2.3 The Minimal Supersymmetric Standard Model

The Minimal Supersymmetric Standard Model (MSSM) is the smallest possible ex-
tension of the Standard Model within N = 1 Supersymmetry. An overview of the
particle content of the MSSM is given in Tab. 2.1 and Tab. 2.2.

chiral supermultiplets spin 0 | spin 1/2 | SU(3)c, SU(2)r, U(1)y
squarks, quarks Q | (up dy) | (uy dy) (3,2, 2)
(x3 generations) u uy, ul, (3,1, -2)
d d, dl, (3,1, 1)
sleptons, leptons L (v er) (v er) (1,2, —3)
(X3 generations) e €n el (1,1, 1)
Higgs bosons, higgsinos | H, | (HF H°) | (ki hO) (1,2, +3)
Hy | (HY Hy) | (B hy) (1,2, )

Table 2.1: Chiral supermultiplets of the MSSM.

14
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vector supermultiplets | spin 1/2 | spin 1 | SU(3)¢, SU(2)L, U(1)y
gluino, gluon g g (8,1,0)
winos, W boson A3 | wE o (1, 3,0)
bino, B boson N B (1,1,0)

Table 2.2: Vector supermultiplets of the MSSM.

Each fermionic chirality state which is known from the Standard Model has a cor-
responding spin-0 superpartner, called sfermion. Each pair is embedded in a chiral
supermultiplet, which can be described by a chiral superfield. For each generation
of quarks, a SU(2)r-doublet @ of left-handed chiral supermultiplets exists and two
SU(2)-singlets of a right-handed chiral supermultiplet % and d. For the leptons
each family has a SU(2)-doublet L of left-handed chiral supermultiplets and a sin-
glet of a right-handed chiral supermultiplet €. In comparison to the pure Standard
Model, there exist two Higgs doublets in the MSSM. They are necessary to give
both, up and down quarks masses and to cancel anomalies which are introduced by
the higgsinos. Two chiral supermultiplets containing a Higgs and its superpartner,
the higgsino, build up each Higgs doublet H, and H;. The MSSM particle content
concerning gauge bosons is shown in Tab. 2.2. Each gauge boson gets a fermionic
spin-1/2 superpartner, called gaugino.

In order to construct a renormalizable MSSM superpotential the following contribu-
tions of the aforementioned chiral superfields are possible

Wussu = (Yu)ij HuQitt; + (ya)ij HaQuid; + (ye)ij HaLie; — pHy H, (2.50)
1 .. . _ .
War—1 = 5)\Z]kLiLj€k + N*LQidy, + W' LiH, (2.51)

Wap—1 = (2.52)

%)\”ijkﬂiajaka
where 7, 7 represent the generation indices, and v,, y; and y. are 3 x 3 Yukawa cou-
plings equal to the Standard Model. The parameter u denotes the supersymmetric
mass term of the Higgs doublets and x4’ is a three-dimensional parameter. A\, A" and
A" are 3 x 3 matrices similar to the Yukawa couplings.

In contrast to the Standard Model, terms which violate baryon number B (Eq. (2.52))
or lepton number L (Eq. (2.51)) can occur in the MSSM. Those terms would give
rise to B- and L-violating processes, which have not been experimentally observed
up to now. Due to the non-observation of the proton decay stringent constraints are
set on the couplings \ - .

15
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To this end, a new multiplicative quantum number, named R-parity, is introduced
PR — (_1)3(37[/)4’28’ (253)

with s being the spin of the particle. Due to this discrete Zs symmetry, all Standard
Model particles carry even R-parity (Pr = +1), while all supersymmetric particles
odd (Pr = —1). The conservation of R-parity has the effect that all above mentioned
B and L violating terms are forbidden. Thus, R-parity conservation is the usual
choice in the MSSM. However, for completeness it should be mentioned that there
exist other models allowing either B or L violating terms, which are not in conflict
with the the non-observation of the proton decay (in contrast to B and L violating
terms). Such models with broken R-parity are currently also of interest and under
investigation.

In this work, however, we focus on an R-parity conserved MSSM, such that we end
up with the MSSM superpotential of Eq. (2.50).

2.4 SUSY Breaking

Up to now, Standard Model particles and their superpartners would have the same
mass. This, however, is obviously not the case as shown by the current experimental
observations. To construct a realistic phenomenological model, a kind of Supersym-
metry breaking has to be part of the theory.

Another motivation becomes clear by looking again at Eq. 2.50. Here, the dimension-
ful parameter p is introduced, which provides masses for the higgsinos, and leads to
a non-negative scalar potential

*(|HG [P+ [H )+ [ Ha* + [Hy [?), (2.54)

with a minimum at H? = HJ = 0. This implies that the general MSSM Lagrangian
we have introduced so far cannot accommodate electroweak symmetry breaking.
Thus, SUSY cannot be an exact symmetry and some mechanism of SUSY breaking
has to be considered. One possibility would be spontaneous SUSY breaking, which
means, by definition, that the vacuum state is not invariant under SUSY transfor-
mations

Qal0) #0 and  QL[0) # 0, (2.55)

where @), and QL are the SUSY generators. In a global Supersymmetry the Hamil-
tonian operator H is directly related to the SUSY generators

H= P = Q@)+ QlQ: + Q)+ Qly) (2.56)

16
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which is due to the SUSY algebra, see Eq. (2.8). Thus, for a spontaneously broken
Supersymmetry one expects a positive vacuum expectation value (vev)

1
(O1H10) = (| @u[0) II* + | @110} * + | Q[0) |I* + Il @40} I*) > 0. (257)

With (0| H|0) = (0|£|0) = (0|V|0), also a positive expectation value is implied for the
scalar SUSY potential (0|V]0). By comparing with Eq. (2.49), this can be obtained
by

(O|F|0y =A% #0 or (0|D]0) = A% #0, (2.58)

with A? being the mass scale, and F' and D the introduced auxiliary fields. The
former possibility is called F-type breaking or O’Raifeartaigh mechanism [15], the
latter one D-type breaking or Fayet-Iliopolus mechanism [16]. However, pure D-
type or F-type breaking give rise to phenomenological difficulties within the MSSM.
Therefore, the idea of a hidden sector was born. In this sector the origin of spon-
taneously broken SUSY could lie which is transferred by messenger interactions to
the visible sector of the MSSM via flavour blind interactions. Different approaches
exist to realize such a behaviour. One example is gravity mediated Supersymmetry
breaking [17], where gravity is the messenger of SUSY breaking. In gauge mediated
Supersymmetry breaking [18], however, gauge forces transfer the breaking to the vis-
ible sector. Further details on SUSY breaking can be found in [13, 14, 19].

As we have no clear hint on how SUSY is broken, the usual approach is to break
SUSY explicitly by introducing so called soft SUSY breaking terms. These have a
positive mass dimension in order to maintain the mass hierarchy and not to intro-

duce new divergences. The most general soft SUSY breaking Lagrangian is given
by

MSSM
‘Csoft -

(MlBB MWW + Msgg + h.c.)

[\Dlr—t

— (M2 QIQ; — (M) Wiy — (M3);; dd,
B (M%)Z] LILJ (M~ )zg ~Zé]
— m}y, HiH, —m3, H{Hy— (b,HyH, + h.c.)

+ (Aw)i; HaQitty + (Ad)i; HaQidy + (Ao)y; HaLié; + hoc.,  (2.59)

where My, M, and Mj are the complex bino, wino and gluino mass parameters and
M%, M%, M2, ]\4d2 and Mg the 3 x 3 hermitian matrices of the soft SUSY breaking
mass terms of the squarks and sleptons. The third term of Eq. 2.59 introduces the
real soft SUSY breaking Higgs mass terms m%,u and m%,d as well as the complex
parameter b, which is defined in dependence of the off-diagonal Higgs squared mass
term m?, = bu. The last expression of Eq. 2.59 gives rise to 3 X 3 complex matrices

17
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of the trilinear coupling A,, A; and A..

While due to the unbroken MSSM only one additional parameter was introduced,
now the soft SUSY broken MSSM counts in total 124 independent parameters, of
which 18 are from the Standard Model, one newly introduced by the Higgs sector
and 105 by soft SUSY breaking.

2.5 Phenomenological Models

However, not all 105 parameters give rise to physically viable observables. Without
any restrictions new sources of C'P violation are introduced, Lepton numbers are not
separately conserved and flavor-changing neutral currents would be unsuppressed.
Considering these constraints, some combinations of the trilinear couplings and the u-
parameter have to be sufficiently small, and stringent constraints on the off-diagonal
entries of the sfermionic soft SUSY breaking mass matrices are set [20].

Motivated by grand unified supersymmetric theories the unification of the SU(3) x
SU(2) x U(1) gauge couplings at some high scale Q = Mgyr

Mi(Q) = Ma(Q) = M3(Q) = muys (2.60)
is often assumed, which leads at the electroweak scale to the relation

5g12
39>

2
My = L0, ~35M, and My = 2L M, ~0.5M,, (2.61)
g

with gs being the strong SU(3) coupling constant. The SU(2) and U(1) gauge cou-
plings are indicated by ¢’ and g, respectively. An often considered, simplified model
is the so-called constrained Minimal Supersymmetric Standard Model (CMSSM),
which reduces the number of free parameters to five. Hereby, the soft SUSY breaking
squared scalar masses and the trilinear coupling are assumed to be flavour diagonal
and universal

Au(@) = AuQ) =Ac(Q) = Aol (2.62)
Thus the CMSSM can be described by the following five parameters
mo, Ao, M2, tanf3, and sgn(u), (2.63)

with tanfS = v,/vg being the ratio of the Higgs expectation values. The CMSSM
should not be confused with minimal supergravity (mSUGRA), which is an example
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for a gravity mediated SUSY breaking framework. In mSUGRA two additional
constraints by = Ay — mo and mg;; = my are introduced assuming a simplifying
form for the hidden sector [20].

However, the CMSSM is highly challenged by the recent collider searches, thus it
is interesting to relax certain constraints and to consider other phenomenological
reasonable realizations of Supersymmetry.

One approach is, for example, the assumption of non-universal Higgs masses
(NUHM). In the NUHM1 model only one parameter is added to the usual CMSSM
by assuming mj; (Q) = m%,(Q) # mg. In NUHM2, however, two parameters are
additionally considered, because the squared Higgs mass parameters are not set
necessarily equal mj; (Q) # m3; (Q) at the high scale.

A more general approach is the phenomenological Minimal Supersymmetric Stan-
dard Model (pMSSM), which was originally introduced by Refs. [21, 22]. It counts
19 free parameters in total [22] and is a C'P-conserving MSSM with minimal flavour
violation. The gaugino mass parameters M;, M,, and M3 are assumed not to be
necessarily unified at the GUT scale and the three trilinear couplings A,, A; and
A, are treated independently (while the first two are negligibly small). Also, the
squared sfermion mass matrices are independent parameters. The first and second
generation are assumed to be degenerate though. The Higgs sector is described by
three parameters: tanf, the mass of the pseudoscalar Higgs m4 and the higgsino
mass parameter p.

This kind of model — benefiting, on the one hand, from a reduced number of free
parameters, when compared to the MSSM, but still containing enough parameters
to study the MSSM without too many constraints — is used in this work.

2.6 The MSSM Particle Content

As a detailed knowledge of the sparticle characteristics is essential for a detailed
discussion of the loop calculation, renormalization and the general phenomenology
of neutralino-stop coannihilation, we discuss the particle spectrum of the Minimal
supersymmetric Standard Model in the following.

2.6.1 Higgs Sector

So far, we have not considered electroweak symmetry breaking SU(2), x U(1)y —
U(1)gnr- In comparison to the Standard Model this is slightly more involved, as the
MSSM contains two Higgs doublets. The scalar potential for the Higgs sector can
be written as

V= (|uf* + mig ), + (|uf* +mig, ) Ha|* — (bHyHy + h.c.)

1
+ 509" + ¢ ([ HLI” = [Hal")" (2.64)
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The corresponding expressions originate from the pure MSSM Lagrangian (see
Eq. (2.50)) as well as from the soft SUSY breaking terms (see Eq. (2.50)). Hereby,
we have already rotated away the vacuum expectation values for the charged Higgs
by taking advantage of SU(2), gauge transformations and setting H,” = H; =0 at
the minimum. We can then deduce two constraints for maintaining a minimum of
the scalar potential

2b < 2|ul* +mi, +my, and b > (|u]* +mi) (> +mi,), (2.65)

such that H? and HY get non-zero vevs v, = (H?) and vq = (HY), respectively. The
ratio of the two vevs is defined as

(2.66)

Finally, three of the eight degrees of freedom of the two complex Higgs-doublets
are Nambu-Goldstone bosons G° and G*, which become the longitudinal modes of
the massive Z° and W= bosons. The other five are the Higgs mass eigenstates: two
C P-even neutral Higgs bosons h° and H, one C'P-odd neutral Higgs A° and two
charged ones H*. The masses of the aforementioned five Higgs bosons are given by

mo = 2b/sin(28) = 2|p|* +my, +my, (2.67)

1 .
Mo o = 3 <m?40 +my F \/(mio —m2)?+ 4m22miosm2(25)) (2.68)
mye = mio +miy. (2.69)

2.6.2 Neutralino and Chargino Sector

Due to electroweak symmetry breaking, higgsinos and gauginos mix with each other.
The neutral higgsinos 2 and HY as well as the neutral gauginos B and W?° form
the four mass eigenstates called neutralinos X123 4.

The charged higgsinos ﬁj and H 4 and the charged gauginos W and W~ combine
to the four mass eigenstates called charginos )Z?E:LQ.

The part of the Lagrangian which defines the neutralino masses is given by

L— —%(M)TMWO the, (2.70)
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with 10 = (B, Wwo, ]jlg, ]jlg) being the gauge eigenstate basis of the neutralinos. The
mass matrix Myo is obtained as

My 0 —mygsinfy cosf mygsin by sin 3
Moo — 0 My my cos By cos 8 —my cos By sin 5
X —mysinfy cos 8 my cos By cos 0 —
mysinfy sin 5 —my cos Oy sin 8 — 0
(2.71)

Diagonalizing the mass matrix with the unitary matrix N, we get the following
neutralino masses

N*Mzp Nt = diag(mgo, mygg, Mgy, Mgo), (2.72)

with myo being defined as the mass of the lightest neutralino and mgo of the heaviest.
The mass eigenstates of the neutralinos are given by

Xy =Nyy)  ij=1,....4. (2.73)

In the MSSM, the lightest neutralino is very often also the lightest supersymmetric
particle (LSP). Due to R-parity conservation, the LSP is stable, and all super-
symmetric particles decay into the LSP at some point. The lightest neutralino is
at the same time also a very good dark matter candidate.

The charginos can be obtained in a similar manner. The relevant term of the La-
grangian is given by

L= —%(W)TMWF +h.c., (2.74)

with ¢ = (Wﬂﬁj,W‘,ﬁ;) denoting their gauge eigenstate basis. The mass
matrix M= can be expressed in 2 x 2 block form

0 XT
with

- M. V2 myy sin 8
X = (ﬂmWQCOSﬁ p ) : (2.76)

This asymmetric mass matrix can be diagonalized by the two unitary matrices W

and V

WMVl = diag(mgs, mex). (2.77)
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Finally, the mass eigenstates of the charginos are given by

() =v () ma (B)-w (V). ey
2.6.3 Sfermion Sector

In the following, we focus on the part of the Lagrangian which describes the masses
of the sfermions. For this, we define a six component vector ¢ = (J];L> which
R

consists of the left-handed and right-handed gauge eigenstates of all generations
with f = @,d,é,v (however, for 7 we set g = 0). Thus, the sfermion masses are
given by the following part of the Lagrangian

Li=—¢-M3oy, (2.79)
with the mass matrix being a 2 x 2 Hermitian matrix consisting of 3 x 3 blocks
M2 M?
MG = (M?fTL Mf‘;R) . (2.80)
fLr fr

For squarks the diagonal entries can be written as

Mj, = Mcggf +m} +mz[T7 — Qsin® O] cos(28)1 (2.81)
M2, = MZ_+m§ + m3Qpsin® by cos(28)1 (2.82)
MF = M +mi+miQpsin® y cos(28)1. (2.83)

Similarly, the corresponding 3 x 3 matrices for the sleptons are given by
M} = M} +mj +m[T] — Qsin® fyy] cos(26)1 (2.84)
M?R = Mgf- +m} 4+ m7zQjsin’ Oy cos(26)1. (2.85)

Hereby, M%_, Mgf, M2, M? , and Mgf are the soft SUSY breaking mass terms, m
7 7 7
the fermion mass of the corresponding family, )¢ the electric charge, and T}f’ the

third component of the weak isospin of fi..
The off-diagonal entries of the mass matrix ./\/lff can be expressed for both, squarks

and sleptons, as

M;LR = my(A} — pcot B) for up — type sfermions (2.86)
MJ%-LR = my(A} — ptan3) for down — type sfermions, (2.87)
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where Ay denotes the trilinear coupling and y the higgsino parameter.

As the off-diagonal entries are proportional to the fermion masses, the mixing of the
first and second generation squarks is quite small. By rotating with the 6 x 6 unitary
matrix U the mass matrix can be diagonalized

M = UMD, (2.88)

and we find the six sfermion mass eigenstates ﬁ

fi=Usfin+Uijsfir j=1...3, (2:89)

where ¢ = 1 denotes the lightest and ¢ = 6 the heaviest sfermion mass eigenstate.
Thus, we have a complete picture of the supersymmetric mass spectrum which is of
interest for the further work. In particular in Chap. 8, in which the renormalization
of the loop calculation will be discussed, the introduced definitions will be used.
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3 Dark Matter

One of the compelling open problems of modern physics is to identify the nature
of dark matter. In the following, we want to mention several examples which give
us proof of its existence, summarise the key characteristics which dark matter has
to fulfil in order to be in agreement with all experimental observations and give an
overview of the current status of different dark matter searches.

3.1 Evidence for the Existence of Dark Matter

The observations made by Fritz Zwicky in 1933 [23] are often referred to be the
first observational hint for dark matter. But already earlier, in 1922, James Jeans
suggested that “there must be about three dark stars in the universe to every bright
star” and a general concept of dark matter was proposed by Edward Fournier d’Albe
in 1907 [24, 25].

Since these early observations were made, hints for the existence of this kind of
matter have been growing. In the following, we want to give an overview of the
most convincing evidence for the existence of dark matter we know nowadays. The
subsequent discussed experimental observations of dark matter are not meant to
be a complete list, however, they should give a general flavour of various kinds of
observations which point us to some kind of matter, whose nature we do not know
up to now exactly. For a review about dark matter the reader is referred to [24, 26].

3.1.1 Velocity Distribution of Galaxies within the Coma Cluster

The first renowned observation of dark matter was achieved by Fritz Zwicky in 1933,
who studied the Coma cluster [23]. By observing doppler shifts in galactic spectra,
he was able to calculate the velocity dispersion of the individual galaxies within the
Coma cluster v, = vg 0o, with vy being the velocity of the total Coma cluster with
respect to us. Thus, the average kinetic energy of the galaxies can be calculated as

(T) ~ Zmo?. (3.1)
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Under the assumption of only gravitational interactions and Newtonian gravity, the
average gravitational potential energy is given by the third Keplerian law

2mM

(Vy~ -G T (3.2)
where m indicates the average mass of an individual galaxy of the cluster, M the
mass of the total cluster, and R describes its radius. According to the virial theorem
(T) = —3(V), the total mass of the Coma cluster is calculable. Performing this
analysis, a mass for the Coma cluster of M yger ~ 4.5 x 1012 M, was found. This
value exceeds the mass which was measured by mass-to-light ratios by far. Due to
these measurements, a mass of only 2 % of M s Was expected [27]. Because of
this discrepancy, it was clear that there has to be some other kind of non-visible

matter which could explain the much higher mass predicted by the virial theorem.

3.1.2 Rotation Curves of Spiral Galaxies

Also, on the scale of individual galaxies, the claim of the existence of dark matter
has been confirmed. Studying the circular velocity distribution of stars and gas of
a single spiral galaxy as a function of the distance to the galactic centre shows an
interesting behaviour.

According to Newtonian dynamic the circular velocity can be written as

wlr) = /S0 (33)

where M (r) = 4x [ dr'r”p(r') describes the total mass up to a radius r of the galaxy,
with p(r) describing the mass density profile and G the Newtonian constant. For the
area beyond the visible disk, one would expect a decreasing behaviour o< 1/4/r. But
in contrast to these expectations, measurements tell us that, however, the velocity
distribution v, stays constant. Fig. 3.1 shows as example the NGC 6503 spiral galaxy,
where this behaviour is clearly visible. This observation could imply the existence
of a dark matter halo with a density distribution of p < 1/r? larger than the visible
disk and would lead to the observed constant velocity distribution outside the visible
galaxy [26]. The different contributions to the measured velocity distribution are also
depicted in Fig. 3.1. It is nicely visible that adding up all single contributions which
arise from the matter disk, the gas and a possible dark matter halo, would lead
exactly to the observed behaviour.

3.1.3 Weak Gravitational Lensing Effects of the Bullet Cluster

A more recent experimental observation and hint for the existence of dark matter
is the so-called bullet cluster. In Fig. 3.2 an X-ray image of the two merging galaxy
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Figure 3.1: Velocity distribution of the spiral galaxy NGC 6503. The data points depict the
observed velocity distribution. The contributions of the gas and the matter disk
alone would give rise to the dotted and dashed line, respectively. A dark mat-
ter halo with a density distribution of p oc 1/7? would lead to the distribution
which is shown as dashed-dotted line. By considering all three possible contri-
butions, the solid line is obtained, which is in very good agreement with the
observed data. Figure taken from [28].
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Figure 3.2: Image of the bullet cluster (merging cluster 1E0657-558) taken by the Chandra
telescope. The green contours show the gravitational potential reconstructed by
weak gravitational lensing. In blue the X-ray emission of the intergalactic hot
plasma is visible. Red to yellow colours show the shock cones of the colliding
gas of the two subclusters. Image taken from [29].

clusters 1E0657-558 obtained by the Chandra telescope in 2006 [29] is shown. In red
to yellow colours, the X-ray emission of the colliding shock cones of the hot gas is
visible, while in blue the distribution of the intergalactic hot plasma is depicted. The
latter makes up the main visible component of the total cluster mass. Additionally,
the gravitational potential of the two merging clusters depicted in green contours in
Fig 3.2 was obtained via weak gravitational lensing methods.

Comparing both distributions, an 8 o significance spatial offset of the centre of the
total mass with respect to the centre of the baryonic mass was determined. This
leads to the assumption that the two galaxy clusters consist mostly of dark matter
which is weakly interacting, and can thus pass each other unhinderedly. The visible
gas, however, interacts heavily, which is observable due to the shock cones. As this
observation cannot be explained only by theories modifying the gravitational force
law (MOND, see Sec. 3.3), this is a clear evidence for the existence of dark matter.
Within the bullet cluster, this invisible kind of matter makes up the majority of the
total mass.

3.1.4 Cosmic Microwave Background

Whereas the aforementioned observations show clear evidence for the existence of
dark matter, they do not allow us to determine the total amount of dark matter in
our universe. However, with exact measurement of the cosmic microwave background
(CMB), one can very precisely determine the dark matter relic density.

During the evolution of the universe, shortly after the recombination of electrons
and atoms, the photons decouple and can propagate without scattering. This cosmic
microwave background is an almost perfect black body spectrum with T=2.726 K
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and is globally isotropic up to a level of 1075, In the 1990s, the COBE satellite was
able to confirm the isotropic black body spectrum of the CMB, and discovered the
first hint of a dipole anisotropy [30]. This was a big success in order to support the Big
Bang Theory with its theoretical framework. The measurements have been even more
refined by WMAP by improving the measurements of tiny density fluctuations in
the early universe [31-34]. There are several effects which can affect the temperature
of the photons: Fluctuations in the energy density of the photons at the time of last
scattering, a Doppler shift or the Sachs-Wolfe effect as well as the integrated Sachs-
Wolfe effect. For more details on these effects the interested reader is referred to
Ref. [35]. The observed temperature fluctuations can be theoretically described by
a 2-dimensional power spectrum [26]

=2 m=—1

where Y},,(0, ¢) indicates the spherical harmonics which depend on the polar angles
0 and ¢ which parametrise the sky. The variance of thermal fluctuations can then
be expressed as follows

2 2r rw 5T 2 .
() )= bl lrLdomode (3.5)
o Jo dfsingde

Integrating over the polar coordinates and using the orthogonality relation of the
spherical harmonics we arrive at

2 2m ™
<<57T) >: ﬁZZ/O /0 W@y Yim (0, 0)Yirmy (0, @)dO sin g dg.— (3.6)

m U'm/

As observations confirm the assumption that these small temperature fluctuations
are Gaussian-like distributed, we can reformulate the previous expression further to

2
< (5%) > = ﬁ Zalmal’m’all’émm’ (37)
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=2 m=—1
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1
=2
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where we made use of the following definition of the variance Cj of a;, in the last

step
! +
Ci = (ai)m = @I+ > (3.10)

m=—I
After making the following final assumption, see also Ref. [36],

1 I(1+1
— (2l+1)Clz/ <;7'T ) Crd(m) (3.11)

=2

we end up with the established description of the 2-dimensional power spectrum
in order to describe the CMB properly. Usually, the power spectrum of the CMB
is plotted in terms of (I + 1)C;/(27) as a function of the multipole moments I.
Fig. 3.3 shows the latest data of PLANCK, where the perfect description by using
this approach is visible. Under the assumption of a specific cosmological model, a
Likelihood-fit of the power spectrum in dependence of astrophysical key parameters
is possible. Most commonly the ACDM model is assumed to describe cosmology
with the help of essentially six different parameters: The energy content of baryons
Quh?, the physical dark matter density Qcpavh? and the Hubble expansion rate Hy.
The amplitude A, of the power law spectrum Py(k) oc A,k™ ™1 contains the optical
depth parameter 7, and the spectral index n, describes the initial perturbations. This
minimal set of six parameters can be used to fit the observed data with a likelihood
analysis and, thus, to extract a precise value of the relic density. For more details
we refer to Ref. [38]. Taking into account the PLANCK data, the latest results [37]
are obtained as

Q,h% = 0.02205 + 0.00028 Qepyh? = 0.1199 + 0.0027, (3.12)

with h being the Hubble constant in units of 100 km/(s-Mpc). Besides studying the
cosmic microwave background, there are also other methods to study the exact value
of the total amount of dark matter in the universe: The redshift survey by the Sloan
Digital Sky Survey (SDSS), the study of baryon acoustic oscillations (BAO), which
are caused by acoustic waves which existed in the early universe, or the analysis
of the Lyman-alpha forest, which is the sum of absorption lines arising from the
Lyman-alpha transition of the neutral hydrogen in the spectra of distant galaxies
and quasars.

3.2 Requirements on a Dark Matter Candidate

Considering these various observations of non-luminous matter, there is clear ev-
idence for the existence of dark matter at a huge range of scales: Experimental
observations attest the presence of dark matter from the size of galaxies due to ro-
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Figure 3.3: PLANCK foreground-subtracted temperature power spectrum under the as-
sumption of a ACDM model. The grey dots show the power spectrum multipole-
by-multipole, the blue points depict averages in bands of Al ~ 31. The best fit
assuming a ACDM model is shown in red and in perfect agreement with the
data. In green the 10 error on the individual mulitpoles is depicted. Image
taken from [37].
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tation curves, to clusters of galaxies by the virial theorem up to cosmological scales
by the CMB.

Although the relic density of dark matter can be determined very precisely, the
question still remains, what the nature of dark matter is and which theory is able
to explain this kind of matter considering all recent observations.

An extensive overview about requirements on a dark matter candidate is given in
Ref. [39], where a ten-point test is introduced. We will follow this approach and
distinguish these points into two categories: pure requirements on a dark matter
particle, which we want to focus on in the following, and compatibleness of different
candidates to current dark matter searches. The latter will be addressed in the ded-
icated Section 3.4.

Considering the previously discussed observations for dark matter, a possible dark
matter candidate has to fulfil the following characteristics:

Non-baryonic. In order to be consistent with the observations concerning the bullet
cluster, the CMB and to match the requirements regarding the big bang nucleosyn-
thesis (BBN), dark matter has to be non-baryonic. Furthermore, it has to match the
experimentally determined relic density as given in Eq. (3.12).

Stable. Moreover, a potential dark matter particle has to be stable. This means
that its lifetime has to exceed at least the present age of our universe. According to
the estimates of the Hubble Space Telescope Key Project, a lifetime of 7 2> 4.3 x10'7s
is required (see e.g. Ref. [40]).

Neutral. As the feature of non-luminosity serves even as eponym for dark matter,
the new kind of matter has to be electrically neutral. Also a colour charged particle
is very unlikely regarding different constraints: Those could have an impact on the
stability of disks of spiral galaxies [41], or even disrupt elements generated by the
big bang nucleosynthesis [42]. Charged particles could also lead to interferences with
CMB anisotropies and with the large scale structure power spectrum [43]. To be
consistent with direct detection (further details can be found in Sec. 3.4) they should
have only small couplings to bosons charged under SU(2). All together, dark matter
is expected to be an electrically neutral and colour singlet particle. Considering
the observations regarding the bullet cluster, dark matter is also supposed to be
collisionless [29].

Cold. Dark matter can be distinguished by being cold, warm or hot. The large
scale structures, which we can observe today in our universe are dependent on mi-
croscopic properties of the dark matter candidate during the evolution of the early
universe. When the universe became matter dominated, the dark matter density per-
turbations started to grow and cause fluctuations in the fluid of baryons and photons
around the dark matter gravitational potential wells. Whereas photons decoupled
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right after recombination, the baryons kept trapped in the potential wells and their
density perturbations grew further. This means that the large scale structures we
can observe today, have grown from tiny perturbations initiated by dark matter [39,
44].

Depending on whether dark matter was non-relativistic or relativistic at decoupling,
it is called cold or hot, respectively. Dark matter with velocity dispersion between
these two extrema is called warm. The distance which a dark matter particle can
cover until it is gravitationally trapped is called free-streaming length. This means
that only density perturbations from scales of the free-streaming length are possible.
As hot dark matter has a large free-streaming length, structure formation at small
scales is washed out. This implies that hot dark matter favours a top-down ansatz
for structure formation: Smaller structures could only be produced by fragmentation
of larger ones. This is in contradiction to current N-body simulations and current
observations of the age of galaxies and galaxy clusters. Due to this, hot dark matter
is clearly disfavoured as the main dark matter component [45].

Cold dark matter, however, has become non-relativistic long before the matter dom-
inated era. With a small free-streaming length, perturbations on small scales are
possible and structure formation can evolve from a bottom-up approach. Taking
cold dark matter as initial condition for N-body simulations is in good agreement
with today’s observed large scale structures. However, some discrepancies appear
when comparing simulations with the realization in nature. For instance, the num-
ber of predicted satellite halos in the Milky Way exceeds the number of observed
dwarf galaxies [46, 47]. This is often referred to as missing satellites problem.
Therefore, warm dark matter, for instance, was taken into consideration with a free-
streaming length of the order of galaxies such that the formation of smaller struc-
tures is suppressed. By studying the growth of structures in galaxy clusters and the
Lyman-a-forest, a lower limit on the warm dark matter mass can be set, which is
quite stringent [48]. Another prominent alternative is interacting dark matter (IDM),
which is able to solve the aforementioned discrepancies arising in simulations [49].
However, Halo profiles, which cause problems within N-body simulations with re-
spect to cold dark matter are highly sensible to small deviations from the primor-
dial spectrum. Therefore, cold dark matter counts still as the preferred realisation
of dark matter. In particular, several astrophysical processes exist which could solve
these discrepancies [50, 51].

Consistent with Big Bang Nucleosynthesis. Furthermore, the dark matter can-
didate should also be in agreement with big bang nucleosynthesis (BBN). The theory
of big bang nucleosynthesis can predict the abundance of light elements which were
produced within the first three minutes after the big bang and is in very good agree-
ment with today’s observations [39]. For a more detailed review on this topic we
refer to Ref. [52].

Changes in the prediction of BBN could arise from the existence of additional rel-
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ativistic particles, for example. They could lead to a faster expansion rate, which
would result in an earlier freeze-out of the neutron-to-proton ratio and thus to a
higher He' abundance [53]. But also decaying particles during the BBN can mod-
ify the predictions of big bang nucleosynthesis [54]. However, BBN predicts today’s
observations very precisely.

Consistent with Stellar Evolution. Finally, also the stellar evolution has to re-
main unchanged. For example, light, weakly interacting particles produced in the
hot plasma of stars could escape without further interactions and could, thus, lead
to an energy loss of the stars, which would modify the stellar evolution [55].

All in all, there are stringent requirements on the properties which a viable dark
matter candidate should feature. In the following we give an overview of different
proposed dark matter candidates and their current viability.

3.3 Dark Matter Candidates

In principle, two major approaches exist to explain the experimental discrepancies
discussed in Sec. 3.1. First, these observations could be evidence for dark matter and
could be described with the help of a (new) particle. Second, changes in theory on
the astrophysical scale could be necessary and sufficient such that the introduction
of new particles is not needed. After discussing the latter case, different dark matter
candidates will be addressed in the context of their viability regarding experimental
observations and the aforementioned criteria.

3.3.1 Alternative Theories without a Particle Candidate

Although it is well-established that something like dark matter has to exist (therefore
we already introduced “dark matter” as the possible solution in order to explain the
observations from the beginning of this thesis), we want to mention two of the most
discussed alternative approaches for completeness. However, both possible explana-
tions have serious drawbacks such that they cannot exist without any additional
non-baryonic matter.

Modified Newtonian Dynamics (MOND). A widely discussed alternative theory
in order to explain the observation of dark matter is Modified Newtonian Dynamics
(MOND) [56]. The motivation of this theory lies in the explanation of the discrep-
ancy in the observation of rotation curves not by the introduction of dark matter (cf.
Sec. 3.1.2), but by a breakdown of Newtonian dynamics in the limit of small accel-
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erations. In MOND, a constant of the dimension of an acceleration aq is introduced
a’/ag = MGr—2 (3.13)

such that the standard Newtonian dynamics is a good approximation for accelera-
tions much larger than the introduced constant a > ay. The behaviour in the other
limit ay < a gives rise to an acceleration and is described by an underlying theory,
see Ref. [57].

Already in 1999 it was claimed that resolving the virial discrepancy in galaxy clus-
ters is not possible only by MOND, but needs additional, undetected matter [58].
This was confirmed furthermore by the observations concerning the bullet cluster.
Although people still claim that MOND is a viable theory in combination with a
kind of not yet detected matter (which could be also baryonic) [59], the original
motivation of MOND - explaining the observation of rotation curves without any
additional matter - is not valid any more.

Massive Astrophysical Compact Halo Objects (MACHOs). Another alterna-
tive explanation in contrast to dark matter is the existence of Massive astrophysical
compact halo objects (MACHO). These are astronomical objects which are built out
of baryonic matter without emitting radiation. This definition would be satisfied
by black holes, neutron stars or different kinds of dwarfs, for instance. However, as
discussed before, observations of the cosmic microwave background, baryon acoustic
oscillations or the knowledge of the large scale structures set stringent limits on the
baryonic amount of matter. Regardless of the presence or absence of MACHOS, a
large fraction of non-baryonic matter is necessary to be consistent with experimental
observations. For a more detailed review about the status of MACHOS, we refer the
reader to Ref. [60].

3.3.2 Particle Dark Matter Candidates

The aforementioned theories tried to explain the observational discrepancies by
modifying gravitation or by an astrophysical explanation. In the end, however,
both approaches require an additional kind of matter to account for all observa-
tions. Therefore, different particle candidates are discussed in the literature trying
to solve the question of the nature of dark matter. Due to very detailed observa-
tions, stringent requirements on potential particle candidates are imposed. In order
to put the candidate studied in this work in the global context, a brief overview
of some of the most popular particle dark matter candidates is given in the following.
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Standard Model like Neutrinos. The most straightforward approach is the at-
tempt to explain dark matter by already well-known particles within the Standard
Model of particle physics. One once widely discussed candidate has been the Stan-
dard Model like neutrino. With an upper mass limit of m, < 2.05 eV (95 % C.L.) set
by tritium S-decay experiments [20], an upper bound on the relic density of roughly
Q,h* < 0.07 [26] can be assumed. This is in contradiction to current measurements
of the relic density such that the neutrino as dark matter candidate cannot account
for the dominant component of dark matter. Even more stringent constraints arise
from combining PLANCK data and observations of the large-scale matter power
structure, as recently shown in Ref. [61]. Together with baryon acoustic oscillations
and the lower limit from neutrino oscillation experiments, the sum of the neutrino
masses is restricted to 0.05 eV < > m, < 0.15 eV. As the neutrino was thermally
produced in the early universe and decoupled quite early relativistically at around
T ~ 1 MeV [39], this makes the neutrino a prototype for hot dark matter. As dis-
cussed earlier, this characteristic disfavours the neutrino as a major ingredient of
dark matter [45]. However, small amounts of hot dark matter could be realized as
long as agreement with the large scale structure and the CMB data is ensured.

Sterile Neutrinos. One possible extension of the Standard Model is the introduc-
tion of right-handed neutrinos. They could simultaneously explain neutrino oscilla-
tions and as they are sterile with respect to weak interactions (apart from mixing),
they are considered as dark matter candidates [62]. In the simplest approach the
active neutrinos would have light masses whereas the sterile ones are quite heavy.
Through a see-saw like mechanism or some flavour symmetries it is possible to create
one light sterile neutrino in the keV-range, which could account for dark matter. As
recently shown, this kind of dark matter is under several assumptions still valid and
could explain dark matter, neutrino oscillations and baryon asymmetry [63, 64]. But
still, there are stringent bounds on such a warm dark matter particle [48, 65, 66].

Axions. The initial idea of introducing axions was to give a solution to the strong
CP-problem. This problem describes the contradiction between QCD allowing a CP-
violating flavour singlet interaction and the non-observation of the electric dipole
moment of the neutron. One possible solution to this problem is the introduction of
a Peccei-Quinn symmetry [67]. By breaking this global symmetry spontaneously, a
goldstone boson arises, the so-called axion. A review about axions and the strong
CP-problem is given in Ref. [68].

According to laboratory searches, stellar cooling and dynamics of supernova 1987A,
the axion has to be very light (m, < 0.01 eV) (see e.g. [26]). But as the calculation
of the relic density highly depends on the corresponding production mechanism, the
theoretically predicted value is quite uncertain. Nevertheless, it is still possible to
find a range in the parameter space where the axion fulfils all constraints and is
therefore still a viable dark matter candidate [69].
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Neutralinos. After discussing dark matter candidates arising from minimalistic ex-
tensions of the Standard Model, we focus now on the candidates which are given due
to Supersymmetry. An overview of the cornerstones of Supersymmetry is given in the
previous chapter 2. The most prominent and well-known particle is hereby certainly
the neutralino. In an R-parity conserving MSSM the neutralino can be the lightest
supersymmetric particle in a wide range of the parameter space and thus, represents
a good cold dark matter candidate. It belongs to the group of weakly interacting
massive particles (WIMPs). Its predicted relic abundance fits coincidentally very
well to the measured one. This is also often referred to as the WIMP-miracle and
makes it to one of the most intensively studied dark matter candidates. As shown
in Tab. 3.1, it is still in very good agreement with all experimental observations. As
the neutralino is the subject of the present work, we will devote further discussion
on its phenomenology to the later chapters.

Sneutrinos. The superpartners of the already discussed neutrinos are also con-
sidered as dark matter candidates. Left-handed sneutrinos are already ruled out
because of direct dark matter detection experiments or a too small relic abundance,
respectively [70, 71]. However, right-handed sneutrinos are still a viable option, but
already quite constrained. Whereas light sneutrinos are excluded by the discovery
of a Higgs boson with a mass of around 125-126 GeV, heavy sneutrinos can still be
a viable, but quite constrained dark matter candidate. For further details see for
instance Ref. [72].

Gravitinos. In case that SUSY is not only a global, but a local symmetry, super-
gravity could exist. This would result in a new particle: The gravitino which is the
superpartner of the graviton. For example, in gauge-mediated or gravity-mediated
scenarios, the gravitino can be the lightest supersymmetric particle and is stable.
Thus, it can also be a possible dark matter candidate. However, they have to face
stringent constraints concerning their mass, their life time and the reheating tem-
perature. Long lived gravitinos, for instance, can give rise to problems for cosmology.
Also, if the reheating temperature is not low enough, an overproduction in the early
universe is caused [26]. But there are many interesting scenarios depending on the
next-to-lightest supersymmetric particle in which these constraints can be circum-
vented [73, 74].

Axinos. When extending the MSSM with the Peccei-Quinn mechanism, a super-
partner to the axion is introduced: the so-called azino, which can be also a viable
dark matter candidate. Axinos are extremely weakly interacting particles since their
couplings are suppressed. Depending on the way Supersymmetry is broken the axino
has a mass between the eV and GeV scale [73, 75].
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WIMPless Dark Matter. More recently there is also discussion about the so-called
WIMPless dark matter. Hereby, it is claimed that the existence of a WIMP-miracle
does not necessarily imply the existence of WIMPs as dark matter. In WIMPless
models, dark matter is part of a hidden sector and can feature scalar or fermionic
properties. On the basis of the WIMPless ansatz, models can be introduced where
particles have naturally the right thermal relic density, but neither weak-scale masses
nor weak force interactions [76]. This opens up new room for experimental tests. One
possibility and recently discussed realization, for example, is isospin-violating dark
matter, which is still in agreement with all current collider and low-energy bounds
[77].

Dynamical Dark Matter. A quite new development is the approach of dynamical
dark matter. The idea of dynamical dark matter is quite different in comparison
to the usual approach. Whereas normally one dominant dark matter candidate is
assumed, the theory of dynamical dark matter is not based on one stable dark
matter particle which accounts for most of the observed dark matter. In this ansatz, a
whole ensemble of different, not necessarily stable dark matter candidates is assumed,
which is balanced with the relic density [78]. A quite natural realization is found in
the framework of large extra dimensions with an infinite tower of Kaluza-Klein states.
A proof of principle is given in [78], where the KK excitations of a bulk axion makes
the dark matter ensemble. It is shown that this is in agreement with all up now
known collider, astrophysical and cosmological constraints and should be taken into
consideration in order to identify the nature of dark matter.

Further Candidates. There are a lot of other extensions to the standard model
with corresponding dark matter candidates, which cannot be mentioned all in detail
at this point. For instance, in the framework of universal extra dimensions with con-
served KK-parity the lightest Kaluza-Klein particle is stable and provides a suitable
dark matter candidate, which is similar to the neutralino [79].

Another simple extension to the standard model is the inert doublet model. In this
model, a second Higgs doublet with complex scalar fields is introduced, which cou-
ples to Standard Model scalars and gauge bosons, but not to fermions. This model
incorporates a viable dark matter candidate and provides an interesting phenomenol-
ogy as the SM-like Higgs boson is the main exchange particle between the dark and
visible sector [80].

A huge variety of other candidates is discussed in literature, like Champs [81] or
Wimprzillas [82]. For more details we refer to reviews in Refs. [26, 39, 83, 84].

Conclusions. We have discussed various dark matter candidates and approaches
to explain the observation of dark matter in general. From now on, we focus only
on the neutralino as a dark matter candidate. As this particle naturally evolves out
of Supersymmetry and is in agreement with all current observations, this is highly
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1. II. III. IV. V. VI. VII. VIII. IX. X. Result

DM candidate ‘ ‘ Qh? ‘ Cold ‘ Neutral ‘ BBN ‘ Stars Self ‘ Direct ‘ ~-rays Astro Probed ‘ ‘
SM Neutrinos X X v v v v v — — v X
Sterile Neutrinos ~ ~ v v v v v v V! v ~
Neutralino v v v v v v V! V! V! v v
Gravitino v v v ~ v v v v v v ~
Gravitino (broken R- v v v v v v v v v v v
parity)

Sneutrino vy, ~ v v v v v X V! V! v X
Sneutrino vp v v v v v v V! V! V! v v
Axino v v v v v v v v v v v
SUSY Q-balls v v v v ~ - V! v v v ~
BT UED v v v v v v V! V! V! v v
First level graviton UED v v v v v v v X X v X
Axion v v v v v v V! v v v v
Heavy photon (Little v v v v v v v V! V! v v
Higgs)

Inert Higgs model v v v v v v v V! v v
Champs v v X v X — — — — v X
‘Wimpzillas v v v v v v v v v ~ ~

Table 3.1: Test performance of selected DM candidates. The v'symbol is used when the
candidates satisfy the corresponding requirement, and it is accompanied by a
! symbol, in the case that present and upcoming experiment will soon probe a
significant portion of the candidate’s parameter space. If the requirement can
be satisfied only in less natural, or non-standard scenarios, or in the case of
tension with observational data, the symbol ~ is used instead. Candidates with
a ~ symbol in the last column, where the final result is shown, should still be
considered viable. If one of the requirements is not satisfied, then the symbol x
is used, and since these requirements are necessary conditions, the presence of a
single X is sufficent to rule out the particle as a viable DM candidate. Overview
table taken from [39] and slightly modified.
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motivated. In the light of the recent discovery of a Higgs boson, the realization of
Supersymmetry and thus a neutralino as dark matter particle is very interesting.
However, we want to stress clearly at this point that there is also the possibility of
the coexistence of different dark matter particles. Assuming that the studied particle
is only subdominantly contributing, the lower bound of the relic density is weakened.
The upper bound though, remains a strict limit.

In addition to that, the standard cosmological model, the ACDM model, is usually
assumed. One should be aware that constraints on dark matter could change under
the assumption of another model.

After this short overview of different possible dark matter candidates, we focus in
the following on the status of current dark matter searches, in particular regarding
WIMPs.

3.4 Current Status of Dark Matter Searches

Since the existence of dark matter has been acknowledged, explicit searches are the
next step in order to determine its nature. As a weakly interacting massive particle
(WIMP) is the mostly favoured and discussed candidate, different search strategies
are pursued in order to find such a particle.

Fig. 3.4 shows the possible three categories of processes which a WIMP and a stan-
dard model particle can feature via an effective coupling. As depicted in Fig. 3.4,
depending on the specific process different search strategies can be used: direct,
indirect and collider searches.

In the following, we want to give a brief overview of the current status of these
searches, in order to set them into the context of our study.

indirect detection

A X S’M

direct detection

X SM

<
<

production at colliders

Figure 3.4: Schematic overview of processes involving dark matter and Standard Model
particles, and their corresponding search strategy.
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3.4.1 Indirect Detection

One possibility in trying to identify dark matter is via indirect detection experiments.
The basic principle is to detect signatures of annihilating or decaying dark matter
particles into SM particles, which after showering and hadronization give rise to
energetic cosmic rays of charged particles (like electrons and positrons, protons and
antiprotons, deuterium and antideuterium), photons or neutrinos. According to the
obtained spectrum, one can draw a conclusion on the underlying standard model
particles and thus on the interaction of the DM particle with SM particles.

The biggest challenge concerning these searches is to look for channels and energy
ranges in which the astrophysical background is small compared to the expected
signal. From the obtained spectrum one can then draw conclusions on the initial SM
particles and thus on the interaction between DM particles and SM particles. This
allows us to get more hints concerning the properties of dark matter.

In the following, we discuss in particular three different types of particle fluxes which
are studied in the context of indirect detection experiments. Especially, Refs. [85-87]
are interesting concerning this topic and have been considered for detailed informa-
tion.

Charged Cosmic Rays. Key-experiments in the detection of charged cosmic rays
are the PAMELA and FERMI satellites, the HESS telescope and the AMS spec-
trometer. The latest results were published by FERMI (2011) and AMS (2013).
The left subfigure of Fig. 3.5 shows the positron fraction et /(e™ +¢e7) as a function
of the energy. Most recently, the results of AMS-02 have been published, which are
depicted in red. They are in agreement with the results from Fermi (green) and
PAMELA (blue). The new results show much smaller errors and are obtained on
the basis of only 10% of the total data that is expected from AMS-02 in the fu-
ture. Consistently, for all experiments a steep increase in the energy spectrum of
the positron fraction is visible. This is, however, in disagreement with the expecta-
tion that the fraction of positrons decreases with increasing energy, assuming the
standard scenario in which cosmic ray positrons are mainly produced by secondary
processes. The observed clear enhancement for high energies is thus a sign for a new
physical phenomena, whether arising from particle physics or astrophysics, and is
in agreement among all experiments. By contrast, the spectrum of the antiproton
flux does not show any excess over background, which is depicted in grey in Fig. 3.5.
This is also still valid for the recent AMS data.

Interpreting the excess in the positron flux in terms of dark matter, its properties
are quite constrained: In order to explain the observation of a positron excess, while
seeing no deviation in the antiproton distribution, the dark matter particle has to
annihilate exclusively into leptonic channels. To reproduce the deviation from back-
ground for the e + e~ spectrum, a particle of a few TeV and a large annihilation
cross section is required.

The search for antideuterons, which are boundstates of an antiproton and an an-
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Figure 3.5: Comparison of different indirect detection experiments regarding positron
fraction and antiproton flux. Left: positron fraction, compilation of Fermi,
PAMELA and recent AMS-02 data [88]. Right: antiproton flux, compilation of
older and recent data. Astrophysical background is depicted in grey [86].

tineutron, is also interesting in this context. They are supposed to be a smoking gun
evidence for dark matter, however, until now they have not been observed in nature
[87]. One expects antideuterons to be produced via coalescence of an antiproton and
an antineutron in connection with a dark matter annihilation event. Experiments
like GAPS and AMS-02 are searching for such states.

Photons. Having hints for dark matter from the positron flux, an enhanced v-ray
emission would be consistently expected. In addition to that, a y-ray signal is usually
expected to be a much more natural channel for dark matter searches, since it should
appear already for lower annihilation rates. The annihilation of dark matter gives rise
to prompt photons, either by direct photon production or by bremsstrahlung. Also
through the inverse Compton effect or synchrotron radiation, photons are assumed
to be produced. The main experiments in investigating these ~-rays above 1 GeV
are the FERMI satellite, but also Imaging Atmospheric Cherenkov Telescope (IACT)
are involved, like HESS and VERITAS. They use as target the Milky Way galactic
center, regions of the galactic halo, or large scale structures, for example.

For a long time, no anomalous signature above the background has been observed, in
contrast to the expected signal regarding the positron results. Thus, mainly upper
limits on the dark matter annihilation cross section have been set. In conclusion,
both observations are highly contradictory. Therefore, it has been already considered
that the enhanced positron signal results from an unknown astrophysical source, like
pulsars or supernovae remnants (see e.g. [89]). Quite recently, a claim of having found
some dark matter signal has been published. A v-ray line around 130 GeV in the
publicly available FERMI data has been observed [90]. Up to now, this observation
has attracted quite some attention. However, it still has to be clarified whether the
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observation is a dark matter signal, statistical fluctuation, or a detector effect. A
study in Ref. [91] addressing the systematic uncertainties, however, sees still this
line. Clear exploration will be expected at least in 2015, when more data from the
inner galaxy will be available, which will allow a better analysis [92].

In summary, this is one of the most interesting recent developments, although it still
needs time to clarify this kind of signal.

Neutrinos. As neutrinos can cover large distances of dense matter quite unhin-
deredly in the galaxy, they are also among the interesting final state particles of dark
matter annihilation. Their detection, however, is more involved. They can only be in-
vestigated by secondary particles caused by interactions with target material, which
is also susceptible for cosmic muons. Recent experiments are SuperKamiokande or
Icecube, for instance.

However, these experiments have not detected any hint of dark matter so far such
that only bounds on the dark matter annihilation cross section and the scattering
cross section with nuclei have been set [93, 94].

Conclusions. Considering all results obtained by indirect detection experiments,
no clear hint for dark matter is given so far. Especially comparing the excess in
the positron flux with other surveys, the results are highly contradictory. As also
pulsars, for instance, could explain high energy cosmic ray positrons, it is still too
early to draw any conclusions. However, with the claim of a y-ray line, this field has
achieved an enormous rise in attention. But also concerning this observation, one
has to wait for more data in order to judge whether it is a hint for dark matter, a
signal of astrophysical sources, or other statistical or systematic uncertainties.

3.4.2 Direct Detection

Another possibility of searching for dark matter signals is to look for scattering of
a dark matter particle with particles of the standard model, which is referred to as
direct detection. For further reviews Refs. [95, 96] are recommended.

In order to investigate this kind of interaction, detectors are designed to detect
potential WIMPs which are recoiling off a specific target material in dedicated ex-
periments. For weakly interacting particles the interaction rate is expected to be of
the order of roughly one event per 10 kg-days. In addition, radiative background is
also a serious problem, as it can fake a possible WIMP signal. Therefore, generally
a lot of effort is invested into the shielding of these experiments.

The detection principles can be divided into three categories: Probing dark matter
through phonons, ioniziation, and scintillation. As these different signal types are
sensitive in different energy regions, a combination of at least two different principles
is used in order to get the best possible distinction between background and signal,
in connection with a widely probed energy range. Fig. 3.6 gives an overview of the
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Figure 3.6: Measurement principles of different direct detection experiments. By probing
dark matter through interactions with standard model particles, signals can be
detected through ioniziation, scintillation and phonons according to the used
detector material. Usually, experiments make use of two of these detections
principles in order to obtain an involved signal to background ratio and to
access a wide energy range. Figure taken from [97].

used methods for the different existing direct detection experiments.

Direct detection experiments are able to probe spin-dependent (axial-vector) as well
as spin-independent (scalar) couplings. When a WIMP couples to the spin content
of a nucleon, the cross section for this scattering is proportional to J(J + 1) and
thus mainly sensitive to the angular momentum, but not to the number of nucleons.
By contrast, for the spin-independent case the mass of the target is the decisive fac-
tor. Therefore, spin-independent scattering dominates for experiments with heavy
targets [26].

Fig. 3.7 and Fig. 3.8 show the recent status of upper limits on the scattering cross
section set by direct detection experiments.

First, we focus on the spin-dependent results: As it can be seen in Fig. 3.7 the
most stringent constraint for pure neutron couplings above 6 GeV/c? is provided
by XENON100 with a minimum WIMP-neutron cross section of 3.5x10~*cm? [98].
XENON100 is an experiment which uses Xenon as target material and is operated
in the Gran Sasso National Laboratory in Italy. It makes use of scintillation and
ioniziation as detection principles. As the used isotopes ?*Xe and *'Xe contain an
odd number of protons (by contrast to the even number of neutrons) XENON100
is not that sensitive to proton couplings. This can be seen in the second plot of
Fig. 3.7. Here, dedicated experiments like PICASSO [99], COUPP [100] or SIMPLE
[101] set the most stringent constraints. This results from their used target material
containing fluorine, which features an odd number of nucleons. Also IceCube pro-
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Figure 3.7: Upper limits on the spin-dependent WIMP-nucleon cross section at 90 % C.L.
On the left hand side, bounds on the cross section of a WIMP scattering off
a neutron is shown, on the right hand side the same for the proton. Figures
taken from [98].

vides stringent constraints on the scattering cross section above a WIMP mass of
around 30 GeV through certain channels [94].

The spin-independent results are depicted in Fig. 3.8. Here, also XENON100 sets
the most rigorous limit for a WIMP mass of above 8 GeV /c?. A minimum is reached
at 55 GeV/c? with a corresponding cross section of 2.0 x 107%°cm? [102]. These
limits are, however, in high tension with the results from DAMA /LIBRA, CoGeNT,
CRESST-II and quite recently also CDMS. All these experiments claim an excess of
events in their signal regions, but almost every one of them in a different region of
parameter space.

The first positive signal seen in a dark matter search was found in an annual
modulation of the DAMA /Nal experiment, which was confirmed later also by the
DAMA/LIBRA experiment [103]. Both scintillation experiments are located at the
Gran Sasso National Laboratory in Italy. The detected modulation is compatible
with the signal expected by dark matter particles of the Galactic Halo. The model
independent evidence of dark matter was further confirmed on an 8.9 o confidence
level by taking into account the new data sets of DAMA /LIBRA [104]. But as shown
in Fig. 3.8 the favoured regions of DAMA are in tension with signals and exclusion
limits of the other experiments. To clarify if the observed annual modulation comes
from some unknown astrophysical source or if it is in fact an evidence for dark mat-
ter, a similar experiment DM-Ice is planned at the south pole [105].

Also CRESSTH-II claims to have found a sign of dark matter. 77 events were found in
the acceptance region, which cannot be explained by the known background sources.
A maximum likelihood analysis favours a WIMP mass of 12 GeV and 25 GeV for
a cross section of 3.7 x 107*em? and 1.6 x 107*2cm?, respectively [106, 107]. But
as mentioned before, this result is in disagreement with the DAMA experiment (see
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Figure 3.8: Status of current direct dark matter searches regarding spin-independent
WIMP-nucleon scattering. The green/yellow band shows the 1o /20 expected
sensitivity of XENON100, the blue line the resulting exclusion limit at 90 %
C.L.. The recent status of other direct dark matter searches are shown by
lines of different colours. Exclusion limits are depicted for 90 % C.L., detec-
tion claims at 20. The grey area shows the favoured region of the CMSSM
parameter space. Figure taken from [102].

Fig. 3.8). In the 2006-2007 data set, CDMS had no sign for a dark matter excess
[110]. However, quite recently the CDMS experiment has updated its analysis and
claims now an excess, which might be compatible with the CoGeNT results. This is
depicted in more detail in Fig. 3.9, which shows a zoom of the parameter plane of
Fig. 3.8, but with the newly published CDMS excess. They claim now an excess at
10 GeV/c? with 2.4 x 10~*'cm? [108]. This is compatible with the results by CoGent
claiming an excess at around 7 GeV with a cross section of around 1074 ¢cm? [111,
112]. Whereas these two experiments are in agreement, they are still in tension with
the other experiments, especially with XENON10 and XENON100, which already
excluded this region.

All in all, it is quite difficult to draw a conclusion at this point, as there are lot of con-
tradictory observations and exclusion limits. Therefore upgrades and new detectors
are developed to get a step further in identifying the nature of dark matter.

3.4.3 Collider Searches

The pair production of dark matter particles is the third interaction possibility and
opens the opportunity to look for dark matter at colliders. In many models this in-
teraction occurs via an exchange of a heavy mediator which can then be integrated
out at low energies. Under this assumption, an effective field theory approach is
possible, where the interaction is described via a higher dimensional operator. This
allows one to study dark matter production in a model independent way and to set
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Figure 3.9: Zoom in the parameter plane shown in Fig. 3.8 with newly updated CDMS
results. Figure originally published in [108], version with labels taken from
[109].

limits to different interaction possibilities at the same time.

As the final state dark matter particles are not visible in detectors, analyses are
focused on detecting initial state radiation. By setting limits on mono-photon or
mono-jet cross sections in collider searches, constraints can be derived on the coeffi-
cients multiplying these effective operators, which are connected to the suppression
scale where new physics appears. These constraints can then be translated into
bounds on the dark matter-nucleon scattering cross sections probed in direct detec-
tion experiments.

Especially for low WIMP masses, collider searches can be more sensitive than direct
detection searches, as already shown in analyses for LEP [113], Tevatron [114], LHC
[115-117] or the future ILC [118, 119]. On top of that, this approach does not suf-
fer from astrophysical or nuclear uncertainties. Therefore, a combination of collider
searches together with searches of direct detection experiments can strengthen the
already strong limits.

The current status of these searches at the LHC is depicted in Fig. 3.10 for the AT-
LAS and in Fig. 3.11 for the CMS experiment. Both figures show the upper limit on
the WIMP-nucleon cross section at 90% C.L. in dependence of the WIMP mass for
spin-independent and spin-dependent interactions. For each effective operator the
corresponding bound on the cross section is shown. The ATLAS study distinguishes
five different effective operators: Assuming quarks in the initial state, a scalar (D1)
and vector operator (D5) are studied. The scalar contact operator D11 takes into
account gluons in the initial state. For the spin-dependent case, an axial-vector like
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Figure 3.10: 90% C.L. limits on the WIMP-nucleon scattering cross section in dependence
of the WIMP mass at the ATLAS experiment. The thick lines are the ob-
served bounds excluding theoretical uncertainties. The limits involving quarks
assume four light flavours with equal coupling strength to the WIMPs. For
comparison, the limits of different direct detection experiments are shown. On
the left hand side the spin-independent case is depicted. The scalar effective
operator D1 and vector like operator D5 describe a coupling to quarks in
the initial state. By contrast, the scalar operator D11 assumes gluons in the
initial state. On the right hand side the spin-dependent case is shown. Both
operators assume quarks in the initial state, with D8 being an axial-vector
and D9 a tensor operator. For more details we refer to Ref. [120], from where
the figures are taken.

contact operator D8 and a tensor like operator D9 are considered. In all cases which
involve quarks, four light flavours with equal coupling strength to WIMPs are as-
sumed.

In the CMS study only two cases are distinguished. For the spin-independent inter-
action a vectorial effective operator is considered, for the spin-dependent case an
axial-vector one.

Both analyses show clearly that collider searches feature a very good sensitivity in
the low WIMP mass region. Especially, for masses lower than 10 GeV the LHC is a
powerful tool and more sensitive than direct searches. As depicted in both figures,
the LHC exceeds the stringent limits of the CDF experiment at Tevatron.

Quite recently it was shown in Ref. [117] that for many models with an s-channel
dark matter coupling to gq pairs, not only the production of a dark matter pair via
a heavy mediator, but also the production of a ¢g pair in the final state is interesting
for setting bounds on the dark matter coupling. Having the same underlying theory,
upper limits on the respective effective coupling can be translated into each other.
In the analysis of [117] it has been shown, that the experimentally obtained limits
on the quark contact interaction at the LHC give stronger translated limits on the
dark matter coupling than dedicated searches for dark matter pair production.
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Figure 3.11: 90% C.L. upper limits on the WIMP-nucleon scattering cross section in depen-
dence of the WIMP mass at the CMS experiment. In this study interaction
between two quarks and a dark matter pair is assumed, with the WIMP be-
ing a Dirac fermion. On the left hand side the spin-independent case under
the assumption of a vector effective operator is depicted. The spin-dependent
case with an axial-vector operator is shown on the right hand side. For further
comparison limits, of other direct detection experiments are shown. For more
details we refer to Ref. [121], from where the figures are taken.

When assuming a certain model, like Supersymmetry, more specific searches can be
performed. Typically, experiments look for events with a high final state multiplic-
ity and large missing energy. Such a signature is expected if heavy supersymmetric
particles get produced at the collider and decay via cascades to the lightest super-
symmetric particle. This can be the lightest neutralino, which is a stable particle
and a good cold dark matter candidate. Escaping the detector unhinderedly, this
leads to the expectation of large missing energy.

Conclusions. We know many observational hints for the existence of dark matter.
With the help of different theories and particle species we are able to give possible ex-
planations for the invisible matter of our universe. On the experimental side, collider
searches are still only able to set exclusion limits on possible dark matter couplings
(see Sec. 3.4.3), direct searches, however, claim the first experimental excesses in
detecting dark matter. But as discussed in Sec. 3.4.2, although some collaborations
agree, most observations are still contradictory. The very same is true for indirect
searches.

As for the analysis studied in this thesis the relic density sets the most stringent
constraint, only this bound will be considered. However, it will be interesting what
the future will tell us regarding direct and indirect detection, as well as collider
searches.
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As in this thesis the impact of one-loop corrections on the relic density is studied,
we focus in this chapter on the calculation of the relic density in order to discuss
different sources of uncertainties in the second section.

4.1 Calculation of the Relic Density

First, we discuss the calculation of the relic density starting with the Boltzmann
equation. Detailed literature on different aspects of the here shown derivation can
be found in Refs. [44, 122-124].

4.1.1 The Boltzmann Equation

A distribution of an ensemble of particles within a certain phase space can be de-
scribed by the Liouville equation. If the particles of this ensemble interact only
on short distances, and one can assume that at most two particles are interacting
with each other (which means that their density is not too high) the system can be
described by the Boltzmann equation

Lif] = Clf], (4.1)

where L stands for the Liouville operator, which describes the change of the particle
phase space density per time. The collision operator C' models the rate of change
in the number of particles per phase space volume due to the interaction with other
particles (for more details on hydrodynamics in astrophysics see e.g. Ref. [125] and
references therein). As the particles which existed during the evolution of the uni-
verse, were relativistic, a covariant and relativistic generalization of the Liouville
operator has to be considered

A

0 0

By further assuming the universe to be homogeneous and isotropic, the phase space
distribution function of particles simplifies to f = f(|B|,t). In the Robertson-Walker
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metric, the Liouville operator can be written as

. Of  a,_,0f
L{f(E,0) = BS = 2Bl (1.3)

with a being the scale factor of the expansion of the universe.
We use the following definition of the number density

n(t) = =0 / &p F(B,1), (4.4)

where g accounts for the number of degrees of freedom of the corresponding particle.
Taking into account Eq. (4.3) the ansatz of Eq. (4.1) can be integrated by parts such
that we arrive at
: 3Hn—L/C[f]ﬂ (4.5)
RN CE 27 )°E '
with H = a/a being the Hubble expansion rate. Further details regarding the
derivation of the Liouville operator in the Robertson-Walker metric can be found in
Refs. [44, 124].
In a second step we focus on the derivation of the collision operator C'. For the time
being, we consider only annihilation processes of dark matter particles into Standard
Model particles x(p1)X(p2) <> X(k1)X(ks), and vice versa. The collision term can be
written in the form

j : d3k31 d3k2 d3p2
29y, / 2m 32w1/ 2”)32w2/(27r)32E2< ) (p1 +p2 — k1 — ko)
X X

x[IME ok FBDFE) L glen)][1 =+ glwn)]

— Mg 9(w)glw)[L £ f(BD)][L £ f(Ez)]] : (4.6)

with p* = (E,p) and k* = (w, E) The squared matrix elements contain already
the summation over all possible Standard Model particles X, as well as the summa-
tion and averaging over internal degrees of freedom. The factors g(w; 2) stand for the
Fermi-Dirac or Bose-Einstein distribution functions of the Standard Model particles,
whereas the factors f(E; 2) describe the distribution of the dark matter particles. As
we are interested in regimes where for non-relativistic dark matter 7" < F holds, the
quantum statistics can be neglected and a Maxwell-Boltzmann distribution f(E} )
can be assumed. Thus, we can also neglect the distribution of the final state par-
ticles in the following. Due to the assumption 7" < E for the non-relativistic dark
matter particles, the approximation of [1 + f(FE;)] — 1 is possible, and as a result
of momentum conservation [1 + g(w1)] — 1 also holds.

Considering these assumptions, we can further simplify the expression of Eq. (4.6).
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Taking into account also C'P-invariance we finally arrive at

_ d’k, d*ks dp, A
a 29x Z/ 27)32w, / (27)32ws / (2m)32E, (26 (pr + p2 = k1 — k)
X iMiXX—>XX [feq(w1) feq(w2) — f(EL) f(E2)] . (4.7)

As in thermal equilibrium annihilation and creation processes should happen equally,
we have substituted g(wi)g(w2) — feq(E1)feq(E2) when going from Eq. (4.6) to
Eq. (4.7), assuming zero chemical potential for the Standard Model particles X.
Integrating now over the two momenta of the final state particles XX and defin-
ing the relative velocity of the two annihilating particles yx according to v, =

(EIEQ)_l\/(pl - p2)? — mj the expression of Eq. (4.7) can be written as

¢ = i %: / é:fg 2Fs Uret Oygxx [feq(Bn) feq(Ba) — f(E1) f(ER)].  (4.8)

The Maxwell-Boltzmann distribution f(E) 2) of the dark matter particles can be ex-
pressed in terms of the distribution in thermal equilibrium and the part containing
the chemical potential y as follows f(E)2) = fo(E12) e7 . This allows us to factor
out the Maxwell-Boltzmann distribution of thermal equilibrium f,,(E; 2). Perform-
ing the last integration of Eq. (4.5) the collision term is then given by

Jx d®py 2 neq2
(27’(’)3 /Cifi (2 )3E1 <Uvrel>(n ) (49)

with the thermal averaged cross section defined as

9 [ P [ Ppa
<U Urel) = n;q2/(271')3/(2ﬂ') UrelUXXﬁXXfeq(El)feq(EQ) (410)

To this end, the Boltzmann equation can be written in the well-known form

iy 4+ 3 H ny = —(00er) (0l — nfgﬂ). (4.11)
In the very young universe, at high temperatures, the Hubble expansion term can be
neglected and the interaction term is dominant. With cooling down, the number den-
sity of thermal equilibrium decreases with a Boltzmann factor, which is depicted as
a solid line in Fig. 4.1. However, at some point, the particles become non-relativistic
and their interaction rate is smaller than the Hubble expansion rate of the universe,
until the former can be completely neglected. This point of chemical decoupling at
which no annihilation processes take place anymore, is called freeze-out. Since then,
the comoving number density stays constant (dashed line in Fig. 4.1) and results in
the today’s measurable relic density.
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Figure 4.1: Overview of the evolution of the comoving number density in dependence of
time in parameters of « (for further details see 4.1.4) in the early universe. The
dark matter comoving number density in equilibrium is depicted as solid line.
At freeze-out, the chemical decoupling takes place such that the actual number
density follows the dashed line. Graphic taken from [126], originally published
in [44].

4.1.2 Boltzmann Equation including Coannihilation Processes

Up to now, we have neglected other supersymmetric particles which could interact
with the lightest supersymmetric particle, the dark matter particle. However, in
Ref. [127] it was shown the first time that coannihilation processes, the interaction
of a particle that is almost mass degenerate with the dark matter particle, can con-
tribute significantly to the dark matter relic abundance. A detailed derivation of the
Boltzmann equation including coannihilation processes can be found in Refs. [128,
129].

To include all possible interactions, we consider N supersymmetric particles y; where
¢t =1,..., N with the corresponding masses m; and their internal degrees of free-
dom g;. Considering R-parity conservation, we assume the following mass ordering
my, = my < mg < --- < my. Similar to the derivation of the Boltzmann equation
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for a single annihilation channel, now a set of Boltzmann equations can be derived

N
i3 Hone= = ) (ogoy)(ning — ning’)

7=1

— )Y (o) (ninx — ni™nSE) = (o' jvi) (njnx — n§™nS)]
X it

— > [y — n§®) = Tji(ny — S, (4.12)
oy

where X and Y describe a set of all Standard Model particles. The first term of
the right hand side of Eq. (4.12) denotes the annihilation processes of different
supersymmetric particles x;x; with the total cross section

gij =Y _olxix; = X). (4.13)

The second term describes x; — x; conversions by scattering off the cosmic thermal
background of Standard Model particles with the corresponding inclusive scattering
cross section

Oij = ZU<XiX — x;Y). (4.14)
%

The last term considers x; decays, with
Ty =Y Tl — x;X) (4.15)
X

being the decay rate. The relative velocity between two annihilating particles x;x;
is defined similarly to the previous case

o 1.)2 — m2m2
,Uij = <pz p]) mz m] . (416)
E.E,

As all supersymmetric particles will finally decay into the lightest supersymmetric
particle, we can simplify the coupled Boltzmann equations to a single one depending
on the number density of the lightest supersymmetric particle with n = Efvzl n;.
Performing this sum, the second and third term of Eq. (4.12) cancel, and we end up

with

N
n+3Hn= — Z(crijvij)(nmj —n;'nS?). (4.17)
j=1
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Nevertheless, the scattering of supersymmetric particles off the thermal background
plays a crucial role. As the number density n; of the supersymmetric particles is
Boltzmann suppressed due to their non-relativistic behaviour, the number density
nx of the relativistic Standard Model particles is much higher. With the scattering
cross section o', being of the same order of magnitude as the annihilation cross
section o;;, the scattering rate is much higher than the annihilation one. There-
fore, the supersymmetric particles remain in thermal equilibrium with the thermal
background and their ratios can be assumed to be equal to their equilibrium ones

eq
ol (4.18)

Thus, the Boltzmann equation can be written as
i+ 3 Hn=—(o)(n® —nl,). (4.19)

This equation looks quite similar to Eq. (4.11), but the annihilation rate is substi-
tuted by

eq ,,¢4
n;" 1,

(oeprv) = (oiv35) (4.20)

ij

ned ned

and takes now into account also coannihilation processes. Such processes are usually
Boltzmann suppressed

nd

L o exp|—(m; —m,)/T), (4.21)

ned

unless a second particle is almost mass degenerate with the dark matter particle.
Assuming the lightest neutralino to be the dark matter particle, a light stop with
a rather long lifetime can be such a degenerate NLSP, for instance. In this case,
neutralino-stop coannihilation becomes possible. For an even smaller mass gap stop-
stop annihilation can also play a crucial role. It was claimed in Ref. [127, 130, 131]
for the first time that by neglecting coannihilation processes, errors of more than
two orders of magnitude can occur regarding the relic density calculation.
Therefore, the consideration of coannihilation processes is well motivated and thus
those processes are topic of this thesis. For further studies on the importance of
neutralino-stop coannihilation compared to pure neutralino-neutralino annihilation,
we refer to Chapter 6.

4.1.3 Thermal Averaging

Some more effort is needed to calculate the thermal averaged effective cross section
of Eq. (4.20). Whereas Ref. [123] has derived this quantity only for annihilation pro-
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cesses, in Ref. [128] it has been extensively studied for the more general case including
also coannihilation processes. To this end, we want to follow Refs. [128, 129] for the
expressions which are relevant for the computation of the total (co)annihilation cross
section and the later relic density computation.

The total number density in equilibrium can be written as

€q — €q gi 3A—Ez’/T_l m2 mi
=3 = S [ et = gDt (7). e

with K5 being the modified Bessel function of the second kind of order two. From
now on, we assume Boltzmann statistics, which holds for the non-relativistic dark
matter particle.

The nominator of Eq. (4.20) can be reformulated

Z<U . neqneq Z/W gigse BT BT d*p; d*p; (4.23)
i) R (2m)32E; (2m)32E;’

ij

with W;; = 4F;E;o0;;v;; being the annihilation rate per unit volume. After some
reformulation of the integration variables and performing the first integration we
end up with

[ 6 \/g
Sttt =g [ oot (). w2

ij

where p;; denotes the momentum of particle x; (or x;) in the center-of-mass frame
of the pair x;x;. Defining now an effective annhilation rate W,z

Z 9i95piWi; = gipeffweff (4.25)

ij

1
Deff = P11 = 5\/5 — 4m? (4.26)

with

we finally get

eaea _ KL 7 Vs
Z<0’Z]U”>n qnjq — 4X . dpeffpgffWefle (T) . (427)
™ Jo
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Inserting Eq. (4.27) together with Eq. (4.22) in the initial expression of Eq. (4.20)
we arrive at

Iy~ dpessp?y fWeffK 1 (%)

miT [, 228K, ()]

i gy m2

(Oeppv) = , (4.28)

where we consider annihilation as well as coannihilation processes. If we neglect
coannihilation processes this equation reduces correctly to the effective annihilation
rate given in Ref. [123].

With this convenient expression for the thermal averaged cross section (Eq. (4.28)),
and the general Boltzmann equation which now takes into account both, annihi-
lation and coannihilation processes (Eq. (4.19)), the usual derivation of the relic
density can be performed.

4.1.4 Computation of the Relic Density

In order to finally compute the relic density, we introduce the yield Y, the ratio of
the number density d and the entropy density s

y=" (4.29)
S
Assuming entropy conservation 9;(a®s) = 0 the effective Boltzmann equation
Eq. (4.19) can be expressed as
Y = —s(oepv) (Y2 = Y2). (4.30)
Introducing the variable
my
=X 4.31
= (431)

dY dz dT'ds __ dY dT
drdlds — dY 22 31 dl e Boltz-

and performing some variable shuffling Y = -2 % dz e

mann equation can be reformulated to

dY omy 1 1 ds

As a next step, we make use of the Friedmann equation

8tGp
3 Y

H? = (4.33)
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with GG being the gravitational constant and p denoting the total energy density of the
universe. Taking also into account the definition of the effective degrees of freedom
for the energy density p = geff(T)g—;T4 and entropy density s = heff(T)%T’gT3, we

arrive at [123]
—d ™ _g."m x (o) (Y2 =Y2) (4.34)
dx 45G x? /7 v '

while the quantity gi/ % describes the effective degrees of freedom of the universe and

is defined as

h, T dh,

g/? = —4L (1 + ——ff) . (4.35)
Vs s 2hegy dT

The variable Y;, denoting the yield at equilibrium is given by [128]

n m; m;
Y, = 2= ) K “. 4.
eq S 47r4h (T Zgz ( ) 2 (SUm ) (4.36)

X

By integrating Eq. (4.34) from = = 0 to zy = m,/1, with T being the photon
temperature of the universe today, we get our aimed result, the current yield Yj.
Finally, today’s relic density can be calculated. It is defined as the ratio of the
actual density of the universe pg to the critical density p..i;, and can be expressed
in dependence of the just derived parameter Y

0
x = D —mXSOYb- (4.37)

Perit Perit

Q

Hereby, the critical density is defined as p. = 3H?/87G and sy denotes today’s
entropy density, which is sg = %heff(Tv)Tf with T, = 2.72548 + 0.00057 K [132].
Roughly speaking today’s relic density is approximately inversely proportional to
the thermal averaged total (co)annihilation cross section

1

O h? .
X (Tefrv)

(4.38)

This is also visible in Fig. 4.1, where an increasing (co)annihilation cross section
leads to a smaller comoving number density and thus, to a smaller relic density.

Due to this connection, particle physics plays an important role in the calculation
of the relic density: The theoretical prediction of the relic abundance is highly de-
pendent on the mass configuration of the contributing particles and thus on the
specific parameter point within the MSSM. In order to pursue dedicated studies
of the parameter space including the constraints from relic density measurements,
sophisticated pieces of software have been developed. Public software tools like Mi-
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crOMEGAs [133-135], DarkSUSY [136] and SuperIsoRelic [137] allow one to compute
the theoretical prediction of the relic density for a specific point in the parameter
space. However, such a computation has to face also possible sources of uncertainties,
which are the topic of the subsequent section.

4.2 Uncertainties within the Computation of the
Relic Density

The Cosmological Model. The relic density is an interesting parameter for con-
straining the parameter space. Therefore, it is crucial to be aware of uncertainties
which affect the experimental determination and the theoretical calculation of the
relic abundance. As particle physics as well as astrophysics and cosmology enter the
computation, all disciplines have to be considered for an overall error estimation.
A first possible source of uncertainty lies in the extraction of the relic density out of
experimental data. Although this is possible to a very precise value with data from
WMAP and PLANCK (see Eq. (3.12)), the analysis of the CMB, as discussed in
Sec. 3.1.4 is based on an essential assumption of the realisation of a standard cos-
mological model (ACDM). The ACDM model describes cosmology with the help of
essentially six different parameters: The energy content of baryons {2, the physical
dark matter density €2, and the Hubble expansion rate Hy. Moreover, the amplitude
A, of the power law spectrum Py(k) oc A,k™ ™1 with the spectral index n, which
describes the initial perturbations and finally the optical depth parameter 7. This
minimal set of six parameters is used to fit the observed data with a likelihood
analysis and to extract a precise value of the relic density. It was shown that by
introducing more parameters the constraints on the relic density can be relaxed. In
Ref. [138] a study that considered five additional physical parameters (e.g. nonzero
neutrino masses, etc.) was performed and a relaxation of the relic density by a factor
two was found.

As the ACDM model is capable of describing our universe very well, there is no need
to enlarge the number of parameters at this point. However, one should be aware
of this assumption which enters the determination of the relic density from the very
beginning.

Hubble Expansion Rate. Another uncertainty arising from cosmology concerns
the assumptions that are made within the ACDM model. For instance, a varia-
tion in the Hubble expansion rate Hy before nucleosynthesis could be possible. In
Ref. [139], the consequence of a modified expansion rate was studied by introducing a
new dark density which varies with temperature in addition to the radiation density.
The Friedmann equation is then modified by a dark density pp in addition to the
usual radiation density p,.q to the expression H? = %(pmd + pp), and enters the
Boltzmann equation (see Eq. (4.32)). Thus, the freeze-out temperature is changed
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and the theoretical prediction of the relic abundance gets affected. Even small mod-
ifications, which would have no impact on the cosmological observations and would
still be in agreement with BBN, could change the relic density. In Ref. [139] it was
shown that such modifications could significantly change the relic density prediction,
but are still undetectable in cosmological observations, and would be still in agree-
ment with BBN. If one wants to take into account a possible variation in the Hubble
expansion, it is suggested to consider only an upper bound for the relic density. This
is also compatible with the possibility of dark matter being composed of several
components [139].

Effective Degrees of Freedom of the Universe. As pointed out in Ref. [140], the
calculation of the relic abundance depends on the effective number of relativistic
degrees of freedom of the universe at the freeze-out temperature (see Eq. (4.34)
and Eq. (4.35)). Usually, it is assumed that above the QCD confinement critical
temperature of T, ~ 200 MeV, the quark gluon plasma is weakly interacting due
to asymptotic freedom. This would mean that such particles could be treated as an
ideal gas. However, it was shown that at high temperatures this is not completely
true, and an improved equation of state has to be considered.

In Ref. [140] a correction factor for the coloured degrees of freedom was taken into
account in the derivation of gy and h.sr, which enter directly the relic density
calculation (cf. Egs. 4.34 and 4.35). This correction was derived from lattice and
perturbative calculations. Taking these changes into account, the value of the relic
density was compared to the default value of DarkSUSY. This public tool, as well
as micrOMEGAs, uses a linear potential to describe the interaction between quarks
and gluons in that temperature regime, which almost corresponds to an ideal gas
behaviour. It was shown that by taking into account these QCD corrections, the relic
density is increased by 1.5-3.5 % in some example mSUGRA benchmark scenarios.
Therefore, it might be interesting to include these corrections in public tools like
micrOMEGAs or DarkSUSY.

Finite Temperature Effects. Furthermore, we have to consider that the calcu-
lation of the Boltzmann equation and thus of the required (co)annihilation cross
section has to be performed at finite temperatures. However, at finite temperatures
quantum mechanics cannot be described by the S-matrix alone. Instead, the expec-
tation value at zero temperature has to be replaced by the sum over a complete set
of states, such that perturbation theory leads to a corrected set of Feynman rules
for the S-matrix elements. This was analysed in several studies, see Ref. [141, 142].
Considering typical benchmark scenarios, it was shown that these effects are only of
the order of 107* and therefore below the detection limit of current and future relic
density observation experiments [142].
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Three-body Processes. In the calculation of the relic density, so far only the
(co)annihilation into two-body final states or three-body final states with a massless
gauge boson has been considered (see ansatz in Eq. (4.12)). However, it was shown
by Ref. [143] that taking into account the three-body final states consisting of a real
and a virtual massive particle such as WW*(— W f f') and tt*(— tWb) could result
in an effect on the dark matter relic density. As shown in Ref. [143] though, this is not
a generic feature within the MSSM, but a threshold effect and thus parameter point
dependent. Also processes which are usually helicity suppressed can significantly
contribute, when considering an additional vector boson in the ff final state [144].
However, public tools like micrOMEGAs or DarkSUSY do not take them fully into
account.

Determination of Mass Parameters. Another uncertainty that affects the pre-
diction of the relic abundance is based on the precision of the MSSM parameters
which enter via the computation of the different (co)annihilation processes. In order
to calculate the cross section of these processes in an underlying model, dedicated
software tools are necessary to relate the theoretical models, often defined at the
GUT-scale, to observable parameters at the SUSY-scale. Those programs solve the
renormalization group equations at two-loop order and calculate essential param-
eters like masses and couplings of supersymmetric particles including higher-order
corrections. Among the most used tools are SPheno [145], SOFTSUSY [146], Isajet
[147] and Suspect [21]. When using them, one has to be aware of the several sources
of uncertainties that depend on the precision of implemented routines and approxi-
mations, which in the end also affect the relic density computation.

In Ref. [148], the first broad comparison between the aforementioned programs was
performed in order to estimate the current theoretical uncertainty in using them. It
was found that the theoretical error is quite parameter point dependent, with espe-
cially the focus point region and high tanf regime showing the largest error. This
study was also extended to investigate the error of these public tools on the relic
density prediction [149-152]. Generally, all investigated spectrum calculators were
quite well in agreement. However, even small differences in the computation of the
supersymmetric masses can have a serious impact on the relic density. In Ref. [152]
it was claimed that the spectrum uncertainties are larger than the experimental un-
certainty from PLANCK, or even WMAP. However, the spectrum calculators have
undergone an improvement since the appearance of the referenced paper, such that
a study with recent versions of the programs would be interesting.

Higher Order Corrections. Another source of uncertainty is related the precision
of the calculated (co)annihilation cross sections for computing the relic density. Cur-
rently available public tools like micrOMEGAs or DarkSUSY use only tree-level cross
sections with some effective couplings. A much more precise prediction of the relic
density could be achieved by taking into account full next-to-leading order calcula-
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tions in order to determine the (co)annihilation cross section. This would change the
computed relic density of around O(10%). The impact on the relic density of such
corrections will be discussed in more detail in Chap. 10.

Conclusions. Altogether, there are a few sources of uncertainties arising in the the-
oretical prediction of the relic abundance. Especially in the light of the precise data
from PLANCK, which were recently published, a common effort is needed to reduce
the theoretical uncertainties. This work focuses in particular on the improvement
of the precision of the (co)annihilation cross section by calculating next-to-leading
order corrections of O(ay), which promise to have a significant impact on the relic
density prediction.

In the subsequent chapter the tool DM@NLO is introduced. DM@NLO is developed in or-
der to serve as an extension to the publicly available tools and provides SUSY-QCD
corrections to the necessary coannihilation and annihilation processes.
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5 DM@NLO - a Tool for an
Improved Relic Density Prediction

5.1 Status of Loop Calculations to (Co)annihilation

Being aware of the different uncertainties which can arise in the computation of the
relic density, a common theoretical effort is needed to reduce possible error sources.
As public tools like MicrOMEGAs and DarkSUSY compute the relic density only based
on a tree-level calculation with few effective couplings (for some more details see
Sec. 8.3.3), one possibility is to increase the precision of the computation by consid-
ering loop corrections.

A first step to increase the precision of the (co)annihilation cross section, is to con-
sider more involved effective coupling approaches than those used in public dark
matter tools. This has been studied for instance by Ref. [153]. They have investi-
gated the effect of two-point function corrections to chargino and neutralino lines
on the annihilation cross section, as well as the influence of one-loop corrected neu-
tralino masses. It was shown that the size of the resulting corrections to the relic
density prediction highly depends on the point of parameter space, but can reach
around 3%.

The impact of electroweak corrections at full next-to-leading order to neutralino an-
nihilation was studied for selected scenarios by Refs. [154, 155]. It was demonstrated
that these corrections can be large and should be taken into account for a precise
relic density prediction. Thus, for global parameter studies it is advised to consider
a full next-to-leading order calculation, especially, if one desires to match the pre-
cision of the PLANCK satellite. In particular for electroweak one-loop corrections
they have developed the automatized one-loop package Sloops, which can be linked
to MicrOMEGAs, for instance. However, it is so far not optimized for performing a
full QCD next-to-leading order calculation.

Therefore, our collaboration develops the package DM@NLO, which provides the full
NLO-QCD corrections in order to obtain a more precise prediction of the relic density.
The starting point has been the study of one-loop corrections to the pure annihila-
tion processes of two neutralinos into quarks [156-158], where a significant impact
on the relic density was demonstrated. Although, not so many diagrams contribute
in the case of SUSY-QCD corrections than for electroweak corrections, they give
nevertheless rise to roughly the same impact on the relic density due to being pro-
portional to a,. An example will be shown in the next section.
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A first generic estimate of SUSY-QCD corrections on bino-stop coannihilation was
already performed in Ref. [159]. However, within the latter study only two out of
eight possible final states were considered (%4, — bW™ and X%, — tg) and the
leading QCD corrections were calculated. A significant impact on the neutralino relic
density was demonstrated, reaching more than 50% in some regions of the parameter
space.

However, the first full next-to-leading order calculation of O(«y) considering all pos-
sible coannihilation and annihilation channels is the aim of our common project. The
full calculation will be provided for public use in the software package DM@NLO.

5.2 The Software Package DM@NLO

The tool DMENLO will provide all annihilation and coannihilation cross sections needed
for the calculation of the neutralino relic density at full next-to-leading order consid-
ering SUSY-QCD corrections. Fig. 5.1 shows an overview of all the processes that
are included or will be included in the near future.

0
X Q b P X0
A3 Q X q q
X1 J -
G . B {1
i " “Wwn G 7 a

Figure 5.1: Schematic overview of the different processes for which DMGNLO will provide
SUSY-QCD corrections. The grey circle indicates all “internal” corrections in-
cluding vertex and propagator contributions. The gluon line gives rise to addi-

tional “external” corrections (box diagrams). The focus of this work is on the
neutralino-stop coannihilation into all final states.

All channels concerning neutralino-neutralino annihilation into heavy quarks are
already implemented within the package DMONLO and have been extensively phe-
nomenologically studied (see Ref. [156-158]). The calculation and implementation
of neutralino-stop coannihilation is the aim of this thesis. The results regarding coan-
nihilation involving an electroweak vector or Higgs boson in the final state have been
already published [1]. The calculation of neutralino-stop coannihilation with a gluon
in the final state has been finalized. However, final plots are not yet shown, as a last
missing final cross-check has to be performed.

Within our collaboration we are also currently working on corrections to the pro-
cesses of stop-stop coannihilation. The implementation of the gaugino annihilation
processes into light quarks is also under development. In the future, we also plan to
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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 (co)annihilation cross sections
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Figure 5.2: Flow chart of a typical numerical relic density computation involving DM@NLO
in the software chain.

extend the project to further models, like the NMSSM.

Providing the one-loop corrected cross sections as a tool for the community, it can
be used for a precise neutralino relic density prediction within parameter studies or
global fits, for instance. In Fig. 5.1 a flow chart of a typical numerical relic density
computation involving DM@NLO is depicted. The DMONLO package can be used for all
specific models within an R-parity conserved MSSM in order to calculate the neu-
tralino relic density on the basis of cross sections at next-to-leading order. The user
can provide a usual input file according to the SUSY Les Houches Accord conven-
tions [160, 161], which will then be used to calculate the sparticle masses, mixing
angles and precision observables by a spectrum calculator of choice. The set-up has
been already tested for SoftSUSY, Suspect and SPheno. The latter is used for the
parameter study of this thesis. The calculated parameters are used by MicrOMEGAs to
compute the necessary (co)annihilation cross sections by using internally the built-in
version of CalcHEP. MicrOMEGAs is then able to calculate the neutralino relic density
by integrating the Boltzmann equation.
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In order to calculate the relic density on the basis of next-to-leading order processes,
the package DM@GNLO, which is has been written in Fortran, can be easily linked as
a library to MicrOMEGAs. As soon as one process which is needed for the relic den-
sity calculation is provided by DM@NLO at next-to-leading order, the corresponding
tree-level cross section originally calculated by CalcHEP is substituted. This is made
possible due to a dedicated interface to MicrOMEGAs. The same kind of interface is
also planned for DarkSUSY in the near future.

5.3 DM@ENLO and Neutralino Annihilation

The first published example that is part of the common project DM@GNLO concerns
neutralino annihilation into heavy quarks [157, 158]. Although this is not part of
this thesis, we want to give a brief idea of the order of magnitude of the achieved
corrections to the relic density, in order to put it later in the global context. The
relevant tree-level diagrams are depicted in Fig. 5.3.

The full SUSY-QCD corrections of O(ca,) have been calculated and it has been

O ——
X1 X

_o

Figure 5.3: Tree-level diagrams which contribute to neutralino annihilation into heavy
quarks: s-channel exchange of a Z-boson and neutral Higgs boson (H,S =
RO, HY  AY) as well as t-and u-channel exchange of squarks. Figure taken from
Ref. [157].

shown that a huge impact is caused by these corrections (see Ref. [158]). An idea of
the size of the corrections gives Fig. 5.4, in which for an mSUGRA example point
(mo = 1800 GeV, my, = 131 GeV, Ay = —1500 GeV, sgn(p)=+ and tan 3 = 10)
the effect of the radiative corrections on the cross section (left panel) and the relic
density (right panel) is shown. In this example point, neutralino annihilation into
heavy bottom quarks contributes by 86 % to the total (co)annihilation cross section.
In the left panel, the cross section in dependence of the center-of-mass momentum
is depicted and clearly demonstrates a huge shift with respect to the result obtained
by a pure MicrOMEGAs calculation. The observed peak at around p., = 20 GeV
arises from the resonance of the lightest Higgs boson. The light brown area in the
plot shows, in arbitrary units, the Boltzmann distribution function resulting from
thermal averaging (c.f. 4.28). It gives a ballpark, for the range of the center-of-mass
momentum p.,, in which the relic density calculation is relevant. Due to sizeable
corrections to the cross section of processes which contribute significantly to the
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Figure 5.4: Impact of the SUSY-QCD corrections to neutralino-neutralino annihilation
into heavy quarks. The left panel shows the effect of the radiative correc-
tions on the cross section as a function of the center-of-mass momentum. The
right panel depicts the neutralino relic density in dependence of the gaugino
mass parameter my jo. Different colours show the result by using the pure Mi-
crOMEGASs tree-level, the DMGNLO tree-level and the SUSY-QCD corrected results
by DM@ONLO. Figures taken from Ref. [158].

total cross section, a clear shift of the WMAP preferred region of parameter space
is observed (see right panel of Fig. 5.4). In total, a correction of around 10 % with
respect to the effective tree-level calculation of MicrOMEGAs is obtained. This results
due to the fact that, in particular for low tan 3, the resummed corrections which
are included in MicrOMEGAs are suppressed such that the SUSY-QCD corrections
get even more important. However, it should of course be noted that at the time
this study was performed, no Higgs particle had been discovered. Also more severe
constraints coming from the Planck satellite could not have been taken into account
at that time.

Conclusions. We have demonstrated that the full next-to-leading order corrections
to the annihilation processes show significant impact on the neutralino relic density.
Especially with the experimental constraints getting more and more precise, reduc-
ing the theoretical uncertainties becomes even more relevant. Motivated by the com-
pelling results for neutralino annihilation and the aforementioned first estimation of
a similar impact for neutralino-stop coannihilation [159], it was decided that DMGNLO
should be extended by the latter processes. Thus, we discuss in the following the
interesting phenomenology of neutralino-stop coannihilation, before proceeding to
the radiative corrections to these processes.
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6 Phenomenology of
Neutralino-Stop Coannihilation

The implementation of our calculation within the DM@NLO code is generic such that
it can be used for any neutralino-squark coannihilation process. As neutralino-stop
coannihilation is the most realistic scenario with respect to the recent experimental
constraints, however, we want to focus on this process in the following.

In order to discuss the phenomenology of neutralino-stop coannihilation broadly,
it is interesting to study its role within the global context. To do so, it is worth to
investigate its contribution to the total amount of the relic density and its connection
to current experimental bounds.

Thus, we address in the following the phenomenological motivation of neutralino-
stop coannihilation in general, study its characteristics within the pMSSM and have
a closer look at three different scenarios.

6.1 Phenomenological Motivation

There is ample motivation for scenarios featuring neutralino-stop coannihilation. In
the following, we want to discuss three different aspects, starting with the focus on
the neutralino relic density.

Neutralino Relic Density. In section 4.1.2 we have already discussed theoretically
the need of including coannihilation processes in order to obtain a precise and correct
prediction of the relic density. Now we want to further study the explicit contribu-
tion of neutralino-stop coannihilation in comparison to other channels.

The different 2 — 2 processes contributing to neutralino-stop coannihilation are
depicted in Fig. 6.1. In total, eight different final states are possible. First, there
are processes with a quark and a neutral, pseudo-scalar or charged Higgs boson in
the final state (h°, H°, A°, H*). Second, a neutralino and stop can annihilate into a
quark and an electroweak vector boson (Z, W*, ), and finally, coannihilation into
a quark and a gluon (g) is possible. All processes have in common that they feature
an s-channel exchange via a quark and a t-channel exchange via a squark. However,
the u-channel exchange of a neutralino or chargino, respectively, does not exist for
a gluon or photon in the final state.

Those neutralino-stop coannihilation channels compete with other possible processes

71



6 Phenomenology of Neutralino-Stop Coannihilation

qi AT Gi A G AT

Figure 6.1: Tree-level diagrams contributing to neutralino-squark coannihilation. Eight
different processes can be distinguished with either a Higgs boson
(h°, H, A, HY), an electroweak vector boson (Z, W, v) or a gluon (g) in
the final state. A change of fermion types is marked by a prime within the
diagrams. Different mass eigenstates are denoted by a different index 1, j, k, n.
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inital states | final states
XX tt,bb, qq, 1L, WW
i X tt, bb, qq, 1l
Wt thY tHO tA° tH+ tZ0 tW ty,tg
tht; hORO, HOHO? A°A° H+H~ hOHY hOA° HOAO
ZOKh0, ZO0H0 7040 WEHT
99,9H°,gh°, gZ°, g

) tt, bb, qq
f1 t, bu
tl* tl

Table 6.1: Selection of the most relevant annihilation and coannihilation processes con-
tributing to the neutralino relic density.

contributing to the neutralino relic density. An overview of the most relevant contri-
butions is given in Tab. 6.1.

In order to thoroughly understand the interplay of annihilation and coannihilation
channels, we study their interplay in dependence of the relative mass difference be-
tween the neutralino and stop

AM = (mg, —mg,)/mg,. (6.1)

This parameter is motivated by the Boltzmann factor

eq

1

e 0cexp [=(mi —my ) /T] = exp[—(mi —m,)/(my z)], (6.2)

which enters the effective coannihilation cross section (see Eq. (4.20)), and can be
reformulated in dependence of the relative mass difference using the definition of
Eq. (4.31). Thus, the relevant parameter is not the pure mass difference, but the
relative mass difference with respect to the dark matter mass.

We have chosen an example scenario (Scenario II of Tab. 6.2, which will be intro-
duced in more detail in Section 6.3) and have varied the bino mass parameter M; in
order to obtain a change in the relative mass difference AM. For this study we have
used the default MicrOMEGAs package in combination with SPheno. Fig. 6.2 shows
the obtained results.

We show the relative weights of YJ¥}-annihilation (dashed blue), Yt;-coannihilation
(dashed red) and flfg*)—annihilation (dashed green) to the total thermal averaged
cross section in Fig. 6.2(a). Furthermore, the contributing subprocesses of neutralino-
stop coannihilation are depicted (dotted lines). When the neutralino and stop mass
are almost degenerate, stops are quite long-lived, and stop-stop annihilation plays
a crucial role. However, with the mass difference getting bigger, stop-stop annihi-
lation gets rapidly suppressed. This is caused by the dependence of the effective
coannihilation cross section (cf. Eq. 4.20) on two powers of the Boltzmann factor
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Figure 6.2: Contribution of ¥{¥{-annihilation (blue), ¥{#;-coannihilation (red) and #;#
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annihilation (green) to the total thermal averaged cross section as relative
weights (a) and in absolute values (b) as well as their contributions to the

neutralino relic density (c).
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n;ff /n®? o< exp[—(mz, —my)/T). At around AM = 0.1 the annihilation of two stops
gets less dominant, and neutralino-stop coannihilation starts to dominate as it de-
pends only on the single power of nz"/n*? oc exp[—(my, —my)/T]. With larger mass
splitting between the neutralino and stop, all channels involving a stop in the initial
state are suppressed. This leads to an increase of the relative contribution of the pure
neutralino-neutralino annihilation, until it finally dominates the total cross section.
Furthermore, Fig. 6.2(a) shows the most important subprocesses contributing to
neutralino-stop coannihilation for Scenario II. The final state with a light Higgs bo-
son, especially, dominates the cross section by far. The processes with a Z boson
or a gluon in the final state are the next to dominant ones, whereas the W boson
contributes only to a much smaller extent. By contrast, the contributions of the re-
maining final states are almost negligible, and thus not shown. The visible spikes in
Fig. 6.2 are caused due to numerical instabilities of MicrOMEGAs. Further discussion
regarding the interplay of the different subprocesses to neutralino-stop coannihila-
tion is postponed to the subsequent sections.

In Fig. 6.2(b), the absolute contribution of the different processes to the thermal
averaged total (co)annihilation cross section times velocity is depicted. The different
contributions are shown in the same colour code as in Fig. 6.2(a). The solid black and
blue line are especially interesting. The black line shows the total (co)annihilation
cross section. The solid blue line shows the total cross section without taking into
account coannihilation processes, but only with pure annihilation. Here, it becomes
obvious, why it is necessary to consider coannihilation in order to obtain a precise
relic density prediction. In case of mass degeneracy the contributions originating
from ¥Vx) or ¥Vf; processes dominate by far the total cross section. One might
recognize further that the contribution of neutralino-neutralino annihilation to the
total (co)annihilation cross section (dashed dark blue) is not exactly the same as
the line considering pure annihilation (solid light blue). This arises from the number
density weighting factors which multiply each single (co)annihilation cross section in
case of the total effective (co)annihilation cross section (see Eq. 4.20 with Eq. 4.21).
This leads to the different behaviour in contrast to the pure annihilation cross sec-
tion (cf. Eq. 4.11). Moreover, it is clearly visible that for small mass differences
between the NLSP and LSP, stop-stop coannihilation is the driving process. Its
large cross section significantly enhances the total effective cross section, until it
finally abruptly ends due to Boltzmann suppression. In the intermediate mass dif-
ference range neutralino-stop coannihilation is important with its moderate cross
sections, until the dominance of neutralino-neutralino annihilation leads with small
cross sections to a smaller total cross section.

In order to obtain a value for the neutralino relic density which is compatible with
the measurements of WMAP and PLANCK, one needs a quite specific value for the
effective cross section. The connection between the relic density and the total effec-
tive thermal averaged cross section has been deduced in Eq. (4.38) and Eq. (4.34).
Roughly speaking, the relic density is approximately inversely proportional to the to-
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tal effective cross section. However, this is only an approximation, as the neutralino
mass, which has been varied for studying the dependence on the mass difference,
enters also directly equation Eq. (4.34).

In Fig. 6.2(c) the contribution of the different processes to the relic density is shown.
A grey band indicates the region which is favoured by the PLANCK measurements.
While for the dominating neutralino-neutralino annihilation the relic abundance is
too high, for dominating stop-stop annihilation the relic density is too small. How-
ever, in the region with significant contribution of neutralino-stop coannihilation the
relic density lies in the right ballpark. This emphasises the need of going beyond pure
neutralino-pair annihilation for the relic density prediction in order not to overclose
the universe, for example, by studying coannihilation.

This topic has been addressed by many publications considering different types of
coannihilation [162-166]. For a complete picture also stau coannihilation must not
be neglected [167]. As it receives only electroweak corrections, it is, however, not
relevant for this study.

At this point one should state that the importance of neutralino-stop coannihilation
depends strongly on the SUSY mass spectrum, and thus, on the studied parameter
point. However, it is a generally true statement that in particular the right admix-
ture of all kinds of (co)annihilation processes is important to finally obtain a precise
prediction for the relic density.

Electroweak Baryogenesis and the Naturalness of SUSY. A light stop is not
only interesting in order to obtain the right value of the relic abundance, it is also
motivated by several other phenomenological aspects: Electroweak baryogenesis, for
instance, might only be realized within the MSSM in the presence of light stops.
Therefore, light stop scenarios are extensively studied in the context of achieving
electroweak baryogenesis [168-170].

Another motivation for light stops arises when discussing the naturalness of SUSY
models. In terms of natural electroweak symmetry breaking a general bottom-up
approach expects higgsinos, stops and gluinos being not too far away above the elec-
troweak scale, whereas the rest of the spectrum could also be beyond the current
kinematic reach of the LHC. The LHC is able to probe a “natural” realization of
SUSY (for more details see Ref. [171]). However, a mass degeneracy between the
lightest neutralino and the NLSP weakens the exclusion potential on the third gen-
eration squark masses, since a degeneracy results in events with soft decay products
[172, 173] the detection is very sophisticated at a hadron collider.

Discovery of a 125 GeV Higgs Boson. Another reason for the phenomenological
interest in light stop scenarios, lies in the recent discovery of a Higgs boson of around
125 GeV [3, 4]. Interpreting the new particle as a light CP-even Higgs boson (h°)
within the MSSM, specific parameter configurations are favoured. This has been
studied in great detail during the last year, see for example Refs. [174-177]. All
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studies have in common that a light stop scenario is discussed as an interesting
possible realization. This is due to the mechanism through which the lightest Higgs
boson obtains its mass. Within the MSSM, the Higgs mass gets leading contributions
from loop corrections including stops. In the decoupling limit, when m 4 > My, the
Higgs mass corrected by dominant one-loop corrections can be expressed as [175,
178]

2,4 2 2 2
mio A m3cos® 283 + 3 AT Y MSUQSY + fﬁ <1 — Xig)} ,  (6.3)
8m2myy, my Mgysy 12 Mgysy
with X; = A; — p/ tan 8 and the SUSY mass scale Mgysy = /i, My, It is obvious
that the mass of the lightest Higgs boson is highly dependent on the ratio X;/Msysy
when the stops are significantly heavier than the top quark. This means that in order
to get a Higgs mass in the right ballpark, a large X; parameter is of interest, which
also leads also to a large stop mass splitting (cf. Eq. (2.87)) and thus to a light
stop scenario. The maximal contribution from stop mixing is obtained for |X;| ~
V6 Msysy. This means that especially a sizable trilinear coupling A, is favoured.
For completeness one should also mention that studies are undertaken considering
not only the low scale Msysy parameter space. In such a model the right relic density
could also be achieved by higgsino like neutralinos, however, these are in tension with
constraints of (g — 2),,, for instance. For further details see e.g. [179].

Conclusions. There are ample reasons to study a light stop scenario and in par-
ticular neutralino-stop coannihilation in more detail. In order to find scenarios with
a dominating contribution of neutralino-stop coannihilation, we have performed a
parameter scan within the pMSSM, which shall be the topic of the following section.

6.2 Parameter Study within the pMSSM

In order to quantify the relative importance of the processes which contribute to
neutralino-stop coannihilation (see Fig. 6.1) a random scan in the phenomenological
MSSM (pMSSM) has been performed. The pMSSM, which was originally introduced
by Refs. [21, 22], counts 19 free parameters in total. For our study we have made
some simplifying assumptions such that we have taken into account eight indepen-
dent parameters (pMSSM8).

In the pMSSMS, the slepton sector is characterized by one single mass parameter
Mj. The squark sector is described by Mg, , for both, first and second generation
squarks, and the mass parameter M, fixes the third generation left- and right-
handed squarks. Except for A;, all the other trilinear couplings are set to zero, as
they do not have a significant impact on our study. For instance, the bottom quark
mixing is mostly driven by wptan 3, but not by A,. However, to be consistent with
the usual SLHA2-input parameter settings [161], we parameterize the top trilinear
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coupling as T; = Y; Ay, with Y; being the top Yukawa coupling. Respecting the GUT
relation 2M; = My = M3/3, the bino, wino and gluino masses can be defined through
the bino mass parameter M;. The Higgs sector is characterized by three parameters:
The higgsino mass parameter pu, the pole mass of the pseudoscalar Higgs boson m 4,
and tan 3, the ratio of the vacuum expectation values of the two Higgs doublets. Ac-
cording to the SPA-convention [180] the soft-breaking mass parameters are defined
at the scale Q = 1 TeV.

For the calculation of the supersymmetric mass spectrum we have used SPheno (ver-
sion 3.2.1'). The neutralino relic density as well as the individual (co)annihilation
channels have been evaluated using micrOMEGAs (version 2.4.1). The standard
model parameters have been defined according to Ref. [20].

In order to qualitatively study the behaviour of the different channels contributing
to neutralino-stop coannihilation, we have performed a random scan with 1.2 million
parameter sets, allowing the eight input-parameters lying in the following ranges

500 GeV < Mj, , < 4000 GeV,
100 GeV < M;, < 2500 GeV,
500 GeV < M; < 4000 GeV,

IT,| < 5000 GeV,

200 GeV < M; < 1000 GeV, (6.4)
100 GeV < my < 2000 GeV,
1| < 3000 GeV,

2 <tanp < 50.

Fig. 6.3 shows the results which have been obtained by the scan in dependence of
the four most interesting input parameters M;, Mg,, Ti, and tan 3. The influence
of the remaining input parameters, such as those related to first and second gener-
ation squarks, sbottoms, and sleptons, as well as the higgsinos, is less important in
this context. Therefore, the corresponding dependencies are not shown. The relative
contributions of all eight coannihilation final states are depicted. The corresponding
colour code can be found in the caption of Fig. 6.3. With each dot representing the

!During the writing of the thesis a new SPheno version was released, where a bug was reported

that has an impact on the Higgs mass for specific scenarios. Having Higgs bosons only in
the final state, this does not change the conclusion or the impact of the loop corrections to
neutralino-stop coannihilation. It might slightly change the result of the cut on the Higgs mass.
However, the uncertainties of different spectrum generators are non-negligible, which results in
a different admixture of (co)annihilation processes.
Therefore, a completely revised study is only reasonable, when considering all corrected
(co)annihilation channels within the DM@NLO project. As a new study would have to include
also corrections to neutralino-neutralino and stop-stop annihilation this is beyond the scope of
this thesis and therefore not yet addressed. However, it will be taken into account in the next
publication.
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contribution of one neutralino-stop channel, up to eight dots per parameter set can
appear.

The result, without considering any experimental constraints, is depicted in the first
row of Fig. 6.3. It can be seen that statistically the final state containing a top
and the lightest Higgs boson is the most dominant one with contributions up to
60 % in particular for large trilinear couplings. As this coupling is involved in the
Higgs-squark-squark-coupling appearing in the t-channel, the contribution of this
process is significantly enhanced. The next-to-largest contribution arises from the
gluon final state, which is dominant for a lower value of the trilinear coupling. The
heavy CP-even Higgs boson H%- and the Z°-boson contribute similarly, followed by
the contributions of the W*-boson and charged Higgs boson. The photon channel,
however, is less important.

Since we want to study the performed one-loop calculation on the basis of realistic
and thus experimentally viable scenarios, we apply the following three cuts on the
raw data

120 GeV < mpo <130 GeV, (6.5)
0.1064 < Q,h? < 0.1334, (6.6)
2.77-107* < BR(b— sy) <4.33-107% (6.7)

The first selection cut imposes a cut on the Higgs mass, which was measured to
be 125.540.270% GeV [181]. For the following analyses we allow the Higgs mass to
vary a few GeV. This is motivated by the intrinsic theoretical uncertainties arising
from missing higher order corrections, the experimental error of the top quark mass
and parametric uncertainties from «ay [182]. Moreover, uncertainties arise due to dif-
ferences in the spectrum calculators, for example, regarding the treatment of the
RGE-running, the extraction of the top mass etc. [183]. For the spectrum calculator
SPheno, which has been used for this analysis, an error of up to 2 % was estimated
[184]. The second cut chooses the data points which agree with the experimentally
determined relic density of Eq. (3.12) within a 5 ¢ confidence interval. As a third
selection cut, we consider the inclusive branching ratio of the most sensitive B-meson
decay, b — s7v. The limits on the branching ratio correspond to a 3 ¢ confidence
interval around the observed value of BR(b — sv) = (3.55 £ 0.26) - 10~* [185].

The second row of Fig. 6.3 shows the impact of the cut on the Higgs mass. In order
to obtain the right ballpark of the Higgs mass, a large trilinear coupling is favoured,
which is clearly visible in the plot showing the dependence on T;. However, too large
values of T; are excluded in order to match the observed Higgs mass. This leads in
particular to a cut on scenarios involving ¢ h° final states with contributions up to
60 %. These large contributions have been achieved due to the significant impact of
large T; values on the Higgs-squark-squark coupling in the ¢-channel exchange.

Imposing the cut on the relic density, which is depicted in the third row of Fig. 6.3,
two observations are especially striking. First, the correlated shape of the bino mass
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Figure 6.3: Relative contributions of the neutralino-stop coannihilation channels for the

generated parameter points as a function of the input parameters My, Mg,, T},
and tan . The contributions of all eight final states are depicted: th® (red), tg
(green), tZ° (blue), tHO (yellow), bW (cyan), tA° (brown), bH (pink), and ¢y
(grey). The results before applying any cuts (first row) as well as after cutting
on the Higgs mass (second row), the relic density (third row) and b — sy (last
row) are shown. The parameters M;, Mg,, and T} are given in GeV.
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My Mql’2 Mg, M; T ma m tan 3 mgo mg, mpo mo

I 306.9 2037.7 709.7 1499.3 1806.5 1495.6 2616.1 9.0 307.1  350.0 124.43 1530.72
II | 470.6 1261.2 905.3 1963.2 1514.8 1343.1 725.9 18.3 | 467.3 509.4 124.06  1342.77
IIT | 314.4 2870.5 763.6 2417.7 18775  386.0 2301.5 10.3 | 316.5 3719 123.43  367.45

Table 6.2: Three example scenarios chosen in the pMSSM, which will be considered in
this study. Given are the input parameters as described in the text, the lightest
neutralino mass m. 0 the lightest stop mass m; , as well as the masses of the
light and heavy CP -even Higgs bosons myo and mpgo calculated by SPheno
(version 3.2.1. All values except for tan 3 are given in GeV.

Q\ h2 th? tHO tAY bHT tZ9 bW T ty tg StV Siotal

I 0.114 | 38.5% — - - 3.4% 5.9% 02% 8.0% | 48.0% 56.0%

o | 0116 | 24.6% - - - 10.7% 3.4% 0.3% 91% | 39.0% 48.1%
Imr | 0111 | 142%  20.7% 0.7% 0.2% 1.2% 2.1% 01% 2.9% | 39.2% 42.1%

Table 6.3: Neutralino relic density and relative contributions of neutralino-stop coannihi-
lation to the different final states for the example scenarios of Tab. 6.2. Yistal
gives the sum of all listed contributions, ¥4,y indicates the sum of all final
states containing Higgs and electroweak vector bosons.

parameter M; and the third generation squark mass parameter M, gets even more
prominent. The symmetric shape arises from the specific mass difference between the
neutralino and the stop which is needed to feature neutralino-stop coannihilation.
Especially smaller values are favoured in order to obtain the right order of magni-
tude for the coannihilation cross section. In the same context, a second feature can
be explained. Scenarios with a too large or too small T; parameter are excluded,
because they feature too much contribution of stop-stop annihilation, or neutralino-
neutralino annihilation, respectively (cf. Fig. 6.2).

In the last row of Fig. 6.3, the cut on the branching ratio of b — sy has been applied.
As large, negative values of T; are disfavoured by this constraint [186], a significant
reduction in this range of the trilinear coupling is visible.

Altogether, the cuts do not directly lead to a preferred range of tan 3. However,
small values of tan [ are slightly favoured by the constraint on b — sv.

6.3 Selected Example Scenarios

For demonstrating the impact of the one-loop calculation to the various final states,
we have chosen three different scenarios in which different processes dominate the
neutralino-stop coannihilation. An overview is given in Tab. 6.2.

All three scenarios are in good agreement with current constraints on the neutralino
relic density, the Higgs mass and BR(b — s7). The chosen scenarios feature a sizeable
trilinear coupling. The first and second generation squarks are heavy in comparison
to the stop, which is in agreement with the current LHC bounds. The mass differ-
ence between the lightest neutralino and the stop lies around 40-55 GeV, which is
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sufficiently small to give rise to dominant contribution of neutralino-stop coannihila-
tion. However, the different scenarios also show significant differences, for example,
regarding the values of Mj, ,, m4 and i, which lead to different dominating subchan-
nels.

The relative contributions of the different final states to each scenario are given
in Tab. 6.3. The relative contribution of all coannihilation processes to the total
(co)annihilation cross section is indicated by .. With a contribution of 40 —60 %
the importance of neutralino-stop coannihilation is clearly visible. As we study in
Chap. 10 the impact of the one-loop corrections with respect to the Higgs and elec-
troweak vector bosons in the final state, ¥,y gives the corresponding sum of these
contributions.

In the following, we work out the key features which will be interesting for the dis-
cussion of the loop effects for each scenario. Throughout the thesis especially the
impact of the Higgs final states and the gluon will be covered, as these have been
addressed particularly by the author.

Scenario |. Scenario I shows the highest contribution of neutralino-stop coannihila-
tion with up to almost 60 %. The final state with the lightest Higgs boson dominates
with 38.5% by far. The electroweak vector bosons and the gluon contribute to a much
lesser extent.

To study the scenario further, Fig. 6.4 shows the contribution of the squared dia-
grams and their interference terms to the tree-level cross section for selected pro-
cesses. The grey area indicates the thermal distribution of (ov) in arbitrary units,
which is convoluted with the corresponding cross section times velocity. For more
details we refer to its derivation in Sec. 4.1.3. It can be taken as a measure for the
relevant range of centre-of-mass momentum within the calculation of the relic den-
sity.

The upper left subfigure shows the contributing matrix elements for the process
0, — th of Scenario I. As already discussed above, the Higgs-squark-squark cou-
pling is significantly enhanced due to a high value of T}, which causes a dominating
contribution of the squared matrix element ¢¢, and leads to a sizeable st interference
term. The ss-matrix element contributes only little. With the neutralino-neutralino-
Higgs coupling being the only one which does not contain a trilinear coupling, the
contribution of the u-channel is completely negligible in comparison to the others,
and thus not shown in Fig. 6.4.

Scenario Il. Although in Scenario II the final state with the lightest Higgs boson
shows the highest individual contribution, this scenario is in contrast to the previous
one. In this case, also the electroweak bosons feature a striking impact with 10.7 %
for the Z%boson and 3.4 % for the W*-boson. The gluon has a sizeable relative
contribution of 9.1 %. The differences are based on a smaller p parameter and a
higher value for tan 8. Moreover, it has a slightly lower trilinear coupling parameter,
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Figure 6.4: Contribution of the different diagrams (s-, t-, and u-channel) to selected pro-

cesses of the different scenarios. The tree-level cross section as well as the most
relevant contributions of the different squared diagrams (ss, t¢, uu) and the
interference terms (st, su, tu) are depicted.
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and a slightly heavier third generation squark and bino mass parameter. The plots
in the middle of Fig. 6.4 show the contributing squared diagrams and interference
terms for the Z° and W*-boson. In contrast to Scenario I, the t# matrix element
shows only a small impact on the cross section. The dominating channel for the
electroweak vector bosons is the ss-channel. Its contribution is even larger for the
bW final state than for ¢ Z°, due to a larger phase space. However, large destructive
interferences of this diagram with the sub-leading ¢- and u-channels decrease its cross
section such that the total value is almost an order of magnitude smaller than for
the Z-boson. The lower subfigure shows a similar plot for a gluon in the final state.
It features the highest cross section in comparison to the other final states. Due to
the chosen gauge, an unphysical behaviour is observable for the tt element.

Scenario lll. Scenario III is interesting especially in comparison to Scenario I.
Both scenarios show a large contribution of the lightest Higgs final state, however,
in Scenario III the heavy Higgs bosons also contributes. This is due to a pseudoscalar
Higgs boson with a light pole mass of m40 = 386 GeV. With the other heavy Higgs
bosons lying in the same ballpark, processes with heavy Higgs bosons in the final
state are now accessible. Considering the upper right plot of Fig. 6.4, the cross sec-
tion is dominated by the ¢-channel contribution, which is similar to the process with
the lightest Higgs boson in the final state. The dominance of the tt-matrix element
is even stronger than for the lightest Higgs, such that the ss- and st-contributions
are negligible. This behaviour is caused by the modified mixing in the Higgs sector
due to a smaller mass difference between h° and H°. Neutralino-stop coannihilation
into electroweak vector bosons is less important in this scenario.

Conclusions. We can conclude that neutralino-stop coannihilation plays an impor-
tant role in the context of achieving the right value for the neutralino relic density,
and obeying the experimental constraints at the same time. Due to its large contribu-
tion to the total (co)annihilation cross section, the impact of the full one-loop O(ay)
supersymmetric QCD corrections is interesting to investigate. This is especially an
important issue in order to match the experimental precision of PLANCK.

In the next three chapters 10, 8, and 9, we will theoretically discuss the performed
one-loop calculation in detail, in order to study the impact of these corrections on
the scenarios which have been just introduced in Chap. 10.
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In the following, we focus on the calculation of the full next-to-leading order (NLO)
O(a) corrections to neutralino-stop coannihilation into all final states. An overview
of the corresponding tree-level diagrams for the process xVq; — ¢; X, with X =
RO, HO A°, H* W=, Z ~, g, has been already given in Fig. 6.1.

In order to obtain a full NLO calculation, we have to take into account all virtual
and real contributions which contribute in O(as). In the following, we focus on the
virtual part, the real contributions will be addressed in a later chapter.

Virtual corrections have the same initial and final state particles as the correspond-
ing tree-level diagrams, but feature additional, internal exchange particles. Thus, it
possesses the same kinematics and phase space as the tree-level processes. We can
distinguish three different kinds of virtual corrections: self-energies (2-point func-
tions), vertex corrections (3-point functions) and box diagrams (4-point functions),
which we will consider in the following.

The corresponding one-loop diagrams for the different studied final states are given
in Figs. 7.7 to 7.10. Considering SUSY-QCD corrections implies that only quarks,
squarks, gluons and gluinos can contribute as additional internal particles in the
loops.

7.1 Regularization and Dimensional Reduction

All loop diagrams have one thing in common. They contain a virtual, unconstrained
momentum ¢ which has to be integrated over the whole phase space (cf. Fig. 7.1).
Due to this, the propagator momentum ¢ can become infinite, and thus, give rise to
a divergence. Although the full calculation will be finite in the end, for the handling
of separate contributions these divergences have to be extracted. One possible ap-
proach is introducing a cut off in order to prevent infinite momenta. However, this
method violates translation and gauge invariance. Therefore, other methods have
been proposed like, for instance, the Pauli-Villars regularization [187] or dimensional
regularization (DReg or DR), see e.g. Ref. [188].

Dimensional Regularization. In the dimensional regularization approach, the di-
vergences are isolated by calculating in D dimensions. The idea behind this method,
becomes clearer in the following simple example. For instance, the divergence of a
simple integral [ -5d®r, which is linearly divergent, can be reduced by lowering
the integration dimension. The integral faoo r%dQT is only logarithmic divergent. By

85



7 Virtual Corrections

lowering dimensions further faoo T%dr the integral becomes convergent.

If we want to calculate an integral which is divergent in four dimensions, we can
reformulate it in a convergent D-dimensional one, similar to the aforementioned
example. When performing the limes to 4 dimensions, the divergence becomes vis-
ible as pole and makes these integrals manageable. A big advantage is moreover
that dimensional regularization maintains Lorentz invariance, gauge invariance and
unitarity.

Figure 7.1: General N-loop diagram. All kinematics can be fixed by external momenta
except one unconstrained momentum gq.

Extraction of Ultraviolet and Infrared Divergences. Based on a simple example
we point out the strategy of dimensional regularization and demonstrate the extrac-
tion of infrared and ultraviolet poles.

In 4 dimensions the integral
1
d*q , 7.1
| 5z T

which could arise due to a massless virtual particle in the propagator, is for all
ranges of o divergent. Divergences which arise when 4 > 2« are called ultraviolet
(UV) divergent, poles which occur with 4 < 2« are known as infrared (IR) divergent.
To extract the poles, we reformulate this integral in D dimensions. Further, we can
perform a Wick-rotation and reformulate the integral in Euclidean coordinates

(N O I
o =i | ad gt (72)

(g%~
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with Qp = ﬂ%/l—‘(%) being the solid angle. This integral is infrared divergent for
D < 2« and ultraviolet divergent for D > 2a. Thus, we split now the integral in
two parts, the infrared part with ¢% < A% and the ultraviolet with ¢% > A?

p 1 i QW% A7 21 2\2-1-a = 21 2\2-1-a
| P =i (/ dabg(a)F 0 [ da(ab >.<7.3>

In order to distinguish between the two kinds of divergences, we introduce a variable
D’ > 2« for the infrared divergent integral and a second variable D < 2« for the
ultraviolet divergent one. Thus we obtain the following expression

1 ons [ AD'—2a AD—2a
d” =i(-1)" — : 4
/ q(qQ)a i(=1) r %) <D’ —2a D — 2&) (7:4)

If we set @ = 2, we arrive at the loop integral of the lowest order which features
infrared and ultraviolet divergences. This integral, which we will be later able to
identify with B(0,0,0), arises in our calculation for example in the gluon self energy
with an internal gluon (see Fig.8.3). In this specific case, we obtain the following
expression

1 2 L AD 4 AD—4 2—¢ A—2euv A—21R
/dD 212 7TD < - ):i m ( — ), (7.5)
(q ) (5) D' —4 D—4 F(Q—&‘) Euv €IR
where we can easily see that we can nicely separate the infrared and ultraviolet

divergences. In the limit of D, D’ — 4 we see how the poles arise, which nicely
behave in D dimensions. In the last step, we have set

4—D

In our calculation we clearly distinguish between infrared —— - and ultraviolet —V
divergences. Especially for cross-checks in the final 1mplementatlon of our DM@NLO
code, keeping the distinction between both kinds of divergences, enables us to per-
form powerful cross checks. However, one could also treat them undistinguishable
and set both to 2. In this case, the example integral of Eq. (7.5) converges to zero.
Working in D d1mens1ons requires also to comnsistently adapt four-vectors to D-
vectors and continuing the metric tensor so that e.g. gff = D. Thus, the relation
for the Dirac matrices reads now v, = D, whereas the anticommutator relation
{7"v"} = 2¢"”1 remains unchanged even in D dimensions.

Dimensional Reduction (DRed). Although dimensional regularization is a well
established method to extract poles in Standard Model calculations, it poses a
problem for loop calculations within Supersymmetry. This was explicitly shown in
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Ref. [189, 190]. In D dimensions, vector fields would be now also D-dimensional
with correspondingly adjusted degrees of freedom. Thus, a common superfield with
its fermionic superpartner would not be possible anymore. This means, that Super-
symmetry is not preserved within dimensional regularization.

Therefore, another kind of regularization scheme was introduced by Ref. [190], the
so-called dimensional reduction (DRed). Within this scheme, the divergent integrals
are treated similarly to DReg by calculating them in D dimensions. However, all
tensors connected to vector fields are kept in 4 dimensions within the calculation.
At one-loop level, differences between both schemes only appear as additional finite
parts in DReg in comparison to DRed.

As we calculate SUSY-QCD loop corrections, we use in the following the dimensional
reduction scheme.

7.2 Introduction to Loop Integrals

The occurring integrals within a one-loop calculation are well known for a long time,
see for example Refs. [191, 192]. All N-loop diagrams of Fig. 7.1 can be reduced to
the form of

D 1
000 = [ P x.)

where T is a function of masses and external momenta. This integral can be solved
in D dimensions after performing a Wick-rotation and changing to Euclidean coor-
dinates. Thus, we obtain the following expression

= (- "WD/QM — je\P/2n
L(T) = i(=1) Ty (L0 (7.8)

We clearly see that the term % causes the divergences in the the loop integrals.

Example of Loop Integral Formalism: Ag(m?). To quote an example, we have a
look at the easiest case of a loop integral, the scalar loop integral Ag. This is defined
to be the integral I,,(T) with n = 1:

Ao(m?) = G [t (7.9)

2 —m2+ ie

Here, the prefactor is set by convention. The variable y, which has the dimension of
a mass, retains the correct dimension of the D-dimensional integral as it would have
in four dimensions. We will later identify this variable as renormalization scale.

Without the need of performing any Feynman parametrization for this simple ex-
ample, we immediately see that we can identify the integral Ay(m?) with the above
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U

p p

Figure 7.2: Generic Ag(m?) loop integral.

introduced integral I;(Y) by setting T = m?

1T 4—-D
Ao(m?) = %[1(7712) (7.10)
i
such that we obtain by using Eq. (7.8)
D 2—D
Ao(m?) = — (47p?) 7 T(5=—=—)(m? — ie)P/*! (7.11)

2

— —(m? —ie) <m2 - Z'e)ﬂgr(a —1), (7.12)

A7 12

where in the last step D = 4 — 2¢ was used. We can perform a Taylor series for the

e-dependent terms
m? —ie\ * ] 1 m? — ie + o) (7.13)
=1—-¢cln € .
4 p? T2

Ple—1) = —é _ (1) = T(1) + O(e) (7.14)
:—§—1+7E+(9(5),

with using the definition of the Euler-Mascheroni constant v = —I"(1). Thus, we
finally arrive at

1 2
Ao(m?) = m? <— — 5 +Indr —In (m _ “) +1+ 0(5)) , (7.15)
Euv 2

where we could extract an ultraviolet divergence % It is common to introduce an
abbreviation for the term

1
AUV = (— — ’)/E —|—1H47T) . (716)
Euv

The reason for that will become clearer in Chap. 8.1.
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Example of Loop Integral Formalism: By(p?, m2, m?). Similarly, we can treat
the scalar integral By.

B 1

e
- '72/d a7 2 4 2 2 4 i
in [q? — m§ +i€][(q + p1)? — mF + i€]

2 m2) (2mp

Bo(pimO)ml (717)

It arises from a 2-point function of a generic self energy diagram like in Fig. 7.3.
However, in order to obtain an integral of the form Eq. (7.7), we have to identify
the argument Y. Thus, we use the Feynman parametrization

1 ! a
ab /0 d [a(1 — x) + bx]? (7.18)

and can rewrite Eq. (7.17) as

BO(]ﬁa mgv m%) =
2 4—D 1 1
(7T,LL) /d:p/qu 2 2 2 2 2, 2
im? 0 [(q + xp1)? — 2%p7 + 2(p] — mi +mg) — mg + ie]?
(7.19)

Substituting ¢ = ¢ + zp; and d¢’ = dq, we can reformulate By(p?, mg, m?) in terms
of the integral I,,(T) as

(27TH)4—D

- / i L(7), (7.20)

BO(]ﬁvmgam%) = i

where T (z) = 22p} — z(p? — m? + mZ) + m2. This brings us to

1 1 2,2 (02 02 2 2 _
Bo(Pimg,m%):——WEJrlnélﬁ—/ dzxIn (:v Py = wlpy = mi + mg) £ mg 26)7
0

Euv 2
(7.21)

where we made use of Eq. (7.8).

Finally, we managed to isolate the ultraviolet divergence of the scalar 2-point func-
tion, which is a general feature independent of all arguments. At this point, it be-
comes clear, why a careful treatment of specific argument sets is important. The
remaining integral can be performed further, however, for specific configurations of
p?, m? and m3, the argument of the logarithm can become negative, and thus leads
to complex values of the logarithm. Also, as already seen in the previous section,
the specific loop function B(0,0,0) = eUlv — i features also an infrared divergence.
Therefore, it is advised to perform this integral, and in general all loop integrals, for
the specific argument sets separately. However, this has been done already exten-

sively in the literature.
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p1+4q

J4! P1
q

Figure 7.3: Generic By(p?, m2,m?) loop integral.

Tensor Reduction. We have shown the derivation of two loop integrals Ay(m?)
and By(p?, mg, m?). However, when performing a one-loop calculation we also need
loop integrals arising from 3-point and 4-point-functions. Continuing the naming

convention they are defined as Cy(p?, (p1 — p2)?, p3, mg, m?, m2) and Dy(p?, (p2 —

p1)27 (p3 - p2)27p22’,7p§7 (pl - p3)27 m%) m%a m%a m%)) respectively.

However, so far, we have only considered scalar particles within the loop. But we
M) S0 the loop of Fig. 7.1. Thus

2—m?2
we get a tensor structure for the loop integrals like [193]

can also imagine having a fermionic propagator

27 )P Gy -q
T _1; _1) = (7 dPg—ta i 7.22
H17~~~7H1\/1<p1’ yPN—-1;10, ..., TN 1) im? / qDODl---DN_l ( )
with

Dy =q* —mi+ie, Di=(q+p)*—m;+ie, i=1,.,N~—1, (7.23)

with T' = A, T? = B, T? = C, and T* = D, etc.

Passarino and Veltman developed for a way to treat these tensor integrals efficiently
[192]. With the help of the so-called Passarino-Veltman reduction these integrals can
be reduced in their tensorial rank and decomposed down to pure scalar integrals. Let
us have a quick look at one quite frequently used tensor loop function. For instance,
the tensor 2-point functions are given by

B,u,y = g,uI/BOO —|—plfp11/811 (725)

When multiplying both sides of Eq. 7.24 with the external momentum p; we arrive
at

(2mp)*~" P1-q

S [
im2 [¢2 — m2 + i€][(q + p1)? — m3 + i€]

P\B, = = piB,. (7.26)
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Now, we can use a trick, and expand the product p;.q in terms of the denominator’s
factors

1 ) .
p1.q = 5([(q +p1)? —m? +ie] — [¢ —m§ +ie] — [pi —m? + mg]). (7.27)

Combining Egs. (7.26) and (7.27) we can rewrite the tensor 2-point function in
terms of pure scalar loop function Ay and By:

2 p)P 1 1
pp, = 1 </ A g (7.28)

in? 2 q? —m + ie
1

_ dP
/ q(Q+P1)2—m%+i€
1
- -+ ) [ % )

[¢> — md +i€][(q + p1)? — m? + ie]

1
=3 [Ao(m§) — Ao(m3) — (pT — mT + mg) Bo(pT, m3, mi)]
1
= B = 2p° [Ao(mé) — Ag(m3}) — (pf — m7F +mg) Bo(p}, mg, mf)] (7.29)
1

Similar is possible for the coefficients By and By; of Eq. (7.25). We obtain

By =55 [Ao(m?) + 2mg Bo(p, mg, m3)

+(pi — mi +mp) B(pY, mg, mi)] (7.30)
Bu = spime (D —2) Ao(my) — 2mg Bo(pi, mg, m3)

=D (pi — mi +mg) Bi(p, mg, m3)] (7.31)

This method can be applied similarly to all loop integrals of all ranks. Thus, we
are able to reduce the occurring loop integrals to few commonly used ones. Their
analytic expressions with their divergence structure is well known and can be found
in different literature [191-194].

Summary of Frequently Used Divergent Loop Integrals. As discussed before
the calculation of loop functions give rise to ultraviolet and infrared divergences. As
we could see on the example of the loop integral By, different argument sets can give
rise to different divergent behaviour. Therefore, we give in the following an overview
of the most frequently used divergent loop integrals in this calculation, in order to
obtain a feeling for their divergence structure.

These loop integrals will be later set in the context of the cancellation of the vir-
tual and real contributions (see Figs. 9.5, 9.6, 9.7 and 9.9). For further interest on
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1/€UV 1/€IR 1/6%}%
Ao(mQ) v - -

BO(p%m%)m%)
BO<O7070>
Boo(p1, mg, m7)
B (pt, mg, mi)
BO<m27m27O>
Bl<m27m270> - v -
BOO(p%mgvm%) v - -
Co(m?2,s,m2,0,m3, m3) - v -
Co(m?,5,0,0,m?2,0) - - v
COO(p%7<p1 —pg){p%,'ﬂl%,ﬂl%,ﬂl%) v - -
Do(m3,m2,0,m2, s,u,0,m3, m? m3) | - v -

2 .92 9 2 .2
Do(m3, mi,m3,0,t,s,0,my,m3,0) - - v

loop integral

ANENENENEN

<~

Table 7.1: Loop integrals with their leading divergence.

the divergent structure of different loop integrals, we refer the interested reader to
Refs. [195-197].

7.3 Calculation of Virtual Corrections

For the calculation of the full one-loop SUSY-QCD corrections, we have to take
different contributions into account. As we consider only corrections up to O(ay),
the occurring contributions are vertex corrections Aie?, propagator corrections AP™P,
and box contributions AP, A schematic picture is shown in Fig. 7.4. Altogether
they contribute to the full virtual corrections

el = AJT 4 APTOP  ATErt 4 Abox (7.32)
These corrections have to be calculated for all channels and final states depicted in
Fig. 6.1.
In order to provide a powerful tool for the full SUSY-QCD one-loop calculation, we
have chosen a generic and extendible structure for calculating the matrix elements
of the propagator corrections, vertex corrections, boxes and counterterms for all
final states. Due to the different structure in their calculation, we have divided the
calculation into three parts: the Higgs boson final states, the electroweak vector
boson final states and the gluon final state. As the author of this thesis has been in
charge of the Higgs boson final states, and performed most of the parts for the gluon
final state, this work focuses mainly on these five of the total eight processes. In the
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o )8 & ®

Figure 7.4: Contributions to the O(ay) corrections, consisting of vertex corrections A{‘gt,

propagator corrections AP™P and box contribution AP,

following we want to demonstrate our calculation in particular on the example of
the Higgs final states.

7.3.1 Processes with a Higgs Boson in the Final State

The four different Higgs boson final states can be treated in a common way. With a
clever choice, we can construct generic amplitudes, which can be used for the tree-
level calculation, as well as for the vertex corrections and propagator corrections.
As the contributions arising from counterterms will be discussed in more detail in
a later section, we only want to mention that also all matrix elements containing
counterterms can be calculated based on this structure.

As an example we want to have a closer look at the corrections arising from a fermion

Ptyq

9o g1
D1 p

q

Figure 7.5: Derivation of the generic loop correction structure.

propagator, which is shown in Fig. 7.5. Assuming a general left /right structure for
the couplings gy and g1, we can calculate the corrections (with neglecting the external
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legs so far) as follows

,u4D

(2m)P
— Oy

/dq ilgo, Pr + 9o, PrlT*+" (;ij‘q?)) [glL P, + g1, PrlTv"i _quW
/i4_D /d D[gOLglL Py + Jor 911 PR]<2 —D)(¢+Qf1)

(2m)P [)[(q + q1)* — m?]

pt=P 90, 912 PL 4 90, 91, Pr|Dm

(2m)P / a [¢*][(q + q1)* — m?]

Cr
=162 {4mgo, 91, PL + 9o 91, PrlBo(q;,0,m?)

—2[g0,91, Pr + 9or 91, Pr) (Bo(¢i,0,m?) + Bi(q;,0,m?)) gl} (7.33)

—Cp

Comparing with the last two lines of Eq. (7.33), we obtain a generic structure ac-
cording to

i[(Z} P+ ZipPr) + (Z1Pr + Z3Pr) 4,1, (7.34)

with ¢; being the propagator momentum. Furthermore, the parameters Z7 and 23
account for the left and right chiral scalar coefficient, respectively. The left and right
handed vectorial form factors are denoted by Z} and Z}. This structure is typical
for all propagator and vertex corrections which include a fermion line, as well as for
corresponding box diagrams. Based on this structure we can construct the necessary
matrix elements.

s-channel contribution. In the s-channel diagram all vertex corrections and prop-
agator corrections contain fermionic contributions, see Fig. 7.6. Thus, we can use the
above derived general expression for all arising corrections such that the amplitude
M shows the most general structure

Ms= ulps) i[(FLPL+ FgpPr)+ (F{PL+ FrPr) | (7.35)
(ﬁlerql) 1 s . . . .(911"_7”(11)
(11—77”2 i[(ZLPL+ ZpPr) + (ZLPL + ZpPr) 4] v g omz

i[(ATL Pp+ AV g Pr) + (AT PL+ AT Pr) ] u(pr).

The form factors Ay} p are introduced to model the corrections A" arising from

the coupling Aq" The contributing loop diagrams are depicted in Fig. 7.7(c). Simi-
larly, the form factors Fy % result from the coupling F 9 and lead to the corrections
AY' (cf. Fig. 7.4). Their contributing vertex correctlons are shown in Fig. 7.8(a).

The fermionic propagator which is contained in the s-channel diagram, leads to
the above derived form factors ZZ’%. The two corresponding loop diagrams, which
contribute to the propagator correction AP™P are depicted in Fig. 7.7(a). All corre-
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Xo D1 Ps g Xo D1 P q

?ig,z- D2 p3 q

Figure 7.6: Definitions which have been used for the generic amplitudes with a Higgs boson
in the final state (® = h°, H, A°, H*). S-, t- and u-channel are depicted.
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sponding analytical expressions can be found in Appendix A-D.
However, we also want to recover the tree-level expression with this generic structure.

(511 ql)

In contrast to the tree-level expression, two propagator terms enter the am-

plitude due to the loop corrected fermion propagator (cf. Eq. (7.35)). Therefore we
have to perform a little trick in order to obtain the tree-level expression. Contracting
the two fermionic propagators and the terms arising from the loop corrections to
the propagator, we obtain

M= alp) i[(FiPy+ FjPp) + (FYPL + FPr) ]
e i [(PEPy+ PiPr) + (PEPL + PpPr) g (7.36)
i[(ALPr + AT pPr) + (A1 L PL + A gPr) ¢, ] u(p1),

a1

where the newly introduced form factors Py’ are connected to Z;' as follows

P = —[Zim}, + Zyai + (Z] + Zg) mg, ai] /(a7 —m3,) (7.37)
Pp = [ZL ¢ + ZRm + (7] ‘|' Zp)ymg, 4i) /(af — mgl) (7.38)
Py =—[(Zy + Zg)mg, + Zymg, + Ziai] /(i —my,) (7.39)
Py = [ (Z; + Zyp)mg, + Z} ql —I— Zn mZJ /(q% mzl) (7.40)

Hereby, the coefficients Zzﬁ% are again those which directly arise from the quark self
energies, the momentum ¢; describes the propagator momentum and mg, the corre-
sponding fermion mass. It is clearly visible, that we have absorbed the additional
propagator denominator and the two additional complex ¢, which arise in contrast
to the tree-level expressions.

Altogether, we can now use the above introduced expression (7.36) for all necessary
corrections (and counterterms) as well as for recovering the tree level.

The tree level is obtained by setting all vectorial form factors to zero (A7, p =
Fip= 0). For the scalar form factors, we can put in the usual tree-level couplings
(A p = A7 BB and Fip = Fg Ly They can be found in more detail in Ap-
pendix A. To reduce the propagator expression of Eq. 7.36 to the tree level, we have
toput P = Pp = 1and P} = Pj = my,, where my, is the corresponding propagator
mass.

If we want to account for the loop corrected version of the generic amplitude, we
keep all form factors the same as for the tree-level case, except setting one of the
vertices or the propagator to their loop corrected values in order to obtain AJ*,
AY or AP'P. The necessary form factors and couplings can be found in detail in
Appendix A-D.

Of course, for calculating the whole squared matrix element, also the complex con-
jugated amplitude has to be considered. Addressing a one-loop calculation of O(ay),
we have to consider all relevant interferences between the one-loop correction dia-
grams and their corresponding tree-level channels for each final state. Products of
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loop-diagrams with themselves do not have to be considered, as these contributions
are already beyond next-to-leading order level.

Therefore, it is sufficient to use a pure tree-level structure for the complex conjugated
case

+m
M = —(p) §[(45 nPs + AG L PR)] i S [(FfPy + FiPa)lulpa). (7.41)
1 Q1

Hereby, it is not needed to distinguish between scalar and vectorial form factors. The
basic naming convention is again similar to Eq. (7.35), and we can set the coefficients

to the complex conjugated tree-level couplings A} p = Agj LA and Frr= Fy LR

t-channel contribution. A similar generic structure can be derived for the t¢-
channel of Fig. 7.6 and is given by

My =u(ps) i [(A5 Pr+ A p Pr) + (A3 P+ A3 g Pr) 4, (7.42)
1 1

) P, G . 7.43

X q% _ m(212 t q% _ m(212 t u<p1) ( )

With the coupling G’ij and the t-channel propagator being scalar, the structure
is much more simplified than in the s-channel case, as only scalar corrections are
expected for those. In order to be able to easily recover the tree-level structure we
make again use of a small trick, such that we arrive at

7 - S S v v ,LPQ .
M =t(ps) i [(A5, P+ As g Pr) + (A5, P+ Ay Pr) ¢,] -y i G u(pr),
2 q2
(7.44)
with the following expression accounting for the propagator correction
P =—P/(q; —mg,). (7.45)

By setting P = 1 and G = G?ﬁ ;; we retain the tree-level expression. The loop
contributions arising from the propagator are obtained by putting in the propaga-
tor corrections Py (cp. Appendix C) of the squark self energy which are depicted
in Fig. 7.7(b). The diagrams contributing to the radiative corrections of Gfﬁ” ;; are
depicted in Fig. 7.8(b), the corresponding form factors G are given in Appendix D.
The loop corrections to the coupling fl?gn are similar for all three channels, and are
shown in Fig. 7.7(c).

Also in this case, we can assume for the complex conjugated amplitude a pure tree-
level structure, which is given by

MI = —fb(p1) 1G -5 ¢ [(A2RPL + A LPR)] u(pg). (7-46)

a5 — mqg
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u-channel contribution. The last generic amplitude concerns the u-channel, which
features the simplest generic structure:

My =u(ps) 1 [(A:SJ,LPL + ASp Pr) + (A5, P + A5 Pr) gg]
(%3 + mQ3)
a3 —

X1 [HSPL+HSPR] ( ) (747)

With a neutralino or a chargino in the propagator, no propagator corrections
arise, due to taking into account only SUSY-QCD corrections. Also the neutralino-
neutralino-Higgs, and the neutralino-chargino-charged Higgs coupling, respectively,
give no rise to SUSY-QCD corrections. Therefore, we have to address only correc-
tions arising from the vertex flf‘}g

For the corresponding complex Eonjugated amplitude we can write

M, =t(py) i [H} Py + HyPr) i <g3_m2>

(A3 pPL + A3 Pr)u(ps).  (7.48)

Again, no generic correction structure has to be taken into account.

Full matrix element. Bringing all expressions described above together, we arrive
at the full matrix element for the tree level

|M|§ree — MgreeMZree* + M;reeMEree* + MZreeMZree*
+ 2Re<M;reeM§ree*) + 2Re<M1;reeMZree*> + 2Re<MEreeM::Lree*) (749)

and the following squared matrix element for the virtual corrections

R Mfl/\/lzree* + QRe(,/\/lAlMtree ) + 2Re<MA1Mtree )
+ MEMITE 4 oRe(MEMITT) + 2Re(ME M)
+ MEMITE 1 2Re(MEMIT) 1 2Re(ME M)
+ MtAQMzree* + ZRe(MAQMtree*> + 2Re<MA2Mtree ) (7.50)
( (
(M (M
( (

*

*

_i_MtGMEree* + 2Re MGMtree ) + 2Re MGMtree )

+ MfMEree* + 2Re PMtree*) + 2Re PMtree )

+ MﬁgMZree* + 2Re MAthree*> + 2Re MAthree )
where the conjugated elements are always set to the tree-level amplitude and the
unconjugated terms account for all possibilities: tree level, vertex corrections, propa-

gator corrections. The supscripts indicate the corrected amplitude according to the
aforementioned introduced naming convention.
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7 Virtual Corrections

Thus, we have finally treated almost all virtual contributions

O_full _ giree + O_A"e” + O_Apmp. (751)
However, the calculation of the box diagrams 02" has still to be addressed.

Box contributions. The only missing piece of the virtual contributions arise from
the box diagrams, depicted in Fig. 7.8(c). Also the boxes can be written in the same
generic form as described above, such that we end up with the following generic
expression for the box amplitude

Muox =t(ps) i [(Bf, P + By Pr) + (BL P + By, Pr) pb] u(p1), (7.52)

where Bj p denote the corresponding scalar form factors of the contributing boxes,
and Bj p indicate the vectorial ones in dependence on the chosen momentum ps.
The full analytic expressions of the form factors are given in Appendix E.

The full squared matrix element for the box contributions reads

|M|%Ox = MbOXM: + MbOXMI + MboxM:;, (753)

where the complex conjugated terms correspond to the above introduced expressions
Eqgs. (7.41),(7.46), and (7.48). Thus, we finally have calculated all parts

AProp

ghull _ tree 4 pAYrt 4+ gATr (7.54)

contributing to the virtual corrections.
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g g
q f 3 q 9 N S a
-
q qj

(a) Quark self energies at one-loop level con-
tributing to O(as). Their corresponding scalar
and vectorial form factors Z7'' are given in Ap-

pendix C.
s
~ /’.\\
8 8 / N
! ]
\ /
——>—§ﬂ)>%>—>—— - = S
gio N/ i i dj i qj
>
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(b) Squark self energies at one-loop level contributing to O(a;). They
give rise to the pure scalar corrections Py, given in the Appendix C .

qi e q e

di di

(c) Vertex corrections to the gaugino-squark-
quark coupling flgfl, which contributes to all pro-
cesses and channels. The form factors A}, are
given in Appendix D.

Figure 7.7: One-loop corrections which are common for all final states. Shown are the

contributions arising from the quark and squark propagator, as well as from
the gaugino-squark-quark coupling.
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(a) Contributing vertex corrections to the Higgs-
quark-quark coupling F%  which appears in the
s-channel. The corresponding form factors F;'p
are given in Appendix D.

671 ‘71' ~ ~
; e " dk qi .
WHO -7 hOHO |2 U N 4
————— « g - -----¢ 4
A’H* APH* ) A'H* \*/ v,
9 .- q .- Gi N
g qi
(b) Contributing vertex corrections to the Higgs-squark-squark coupling

G‘Zfi ;» which occurs in the t-channel. The pure scalar form factors G are

given in Appendix D.

Xn di Gi

8

e - -0

- - ~._ __--7 i 2
ROHAHT G g T pegeacgr 1 2

WHASH T
(c) All contributing box diagrams for the Higgs final state. Their form factors B}

are given in Appendix E.

Figure 7.8: Specific virtual corrections in case of a Higgs boson in the final state.
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7.3.2 Processes with a Gluon in the Final State

The process with the gluon in the final state receives the largest number of vertex
corrections and box diagrams (cf. Fig. 7.10). Thus, we do not give all single form
factors in detail as for the Higgs final state. This would exceed by far the scope of
this document. Therefore, we show in the following only the generic structure of the
amplitudes and the contributing diagrams.

In contrast to the Higgs final states, the gluon contributes only via an s-channel
and t-channel diagram. The naming convention which was used for the calculation
is shown in Fig. 7.9.

q Xn D1 ps q
W
|
ng,z’AQQ Mgy
|
/'/C’{MQQQQQQ/

Figure 7.9: Definitions which have been used for the generic amplitudes with a gluon in
the final state. The contributing s- and ¢-channel exchange is depicted.

As the B—coupling involves two fermions and one vector boson, it leads to a quite
complex structure for the loop corrected vertex diagrams such that we arrive at

M =u(ps) €,(pa)i | ¥ (BoPr + BorPr) + (¢ + p3)*(Bi  PL + By pPr)
(0 = pa)"(BspPL + BipPr) + (v(BiLPL + BigPr)

+(q + p3)"(BY Pr + BYrPr) + (q1 + p3)"(By . P + BSRPR)> (¢, — mq1):|

(S . ) )
X 7 LR+ PRbr) + (PLPL+ PrlPr) ]
1 q1

x i[(Aj Pp+ Al g Pr) + (A7 P+ Al Pr) ﬂl] u(p1) (7.55)

for the generic amplitude of the s-channel diagram. The form factors Ai% r for
the neutralino-squark-quark coupling and the coefficients Pz’j% of the loop corrected
fermionic propagator are the same as in the case of a Higgs boson in the final state.
The only new loop corrected coupling concerns the é—coupling. The contributing
loop diagrams, which give rise to the form factors BJ7 p, B r, and By , are
depicted in Fig. 7.10(a).
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The complex conjugated matrix element M has to retain only the tree level, and
can be written in the following simpler form

1 q1

M = —u(py) i [(AL P + A% Pp)]i qq;l;”zz [(BrPr + BLPr)] u(ps) €,(pa)(7.56)

. L,R* . .
The necessary tree-level couplings A} ; p = Agj‘? and B} p = B* are given in the

Appendix A.

The correction to the éii—coupling is in contrast to the B—coupling not that complex,
because in this case two scalars are involved instead of two fermions. Therefore, the
topology of the form factors reduces to a simple form. The generic structure of the
t-channel can thus be written as

M, =t(ps) €,(pa)i [(A5 Pr+ A5 g Pr) + (A3 PL+ A3 Pr) 4,)
P
X @ 5 v [01@2 + @) + 02(]72 — q2)"u(pr). (7.57)
2 q2

Again, the form factors A7 , and the propagator correction P are the same as for

the Higgs final state. The contributing diagrams to the @-i—coupling are shown in
Fig. 7.10(b).

The complex conjugated amplitude can be written similarly to the Higgs final state

M} = —u(p1)i C*——— i [A3 g Pr + A3 Prl u(ps)en(pa), (7.58)

I2 — Mg,
with A3, p = A%5" and 0% = ¢y,
The squared matrix elements are obtained by multiplying the above introduced
conjugated and unconjugated amplitudes with each other.
The tree-level contribution as given in Eq. (7.49) can be again recovered from the
generic structure. To this end, we set all vectorial form factors arising from couplings
to. The scalar form factors are substituted for A5, , = A BB and B§, r = B. The
propagator form factors are set to P = Pj = 1 and P} = P;, = m,, in the s-channel.
The tree level in the t-channel is retained by setting A5, p = Agj’LL’R, C' = C;; and
P =1, whereas the remaining coefficients are set to zero.
The squared matrix element containing all propagator and vertex corrections to the
gluon final state, is obtained as given in Eq. (7.50) by plugging in the corresponding
form factors. Throughout the whole calculation we used unitary gauge, such that
the polarization sum reads > . ization € (P4)€0(P1) = =gy + Toplpl, With z, = 0
for massless vector bosons and x, = 1/m3 for massive vector bosons.
The last remaining piece concerns the box diagrams. In total, seven different boxes
contribute in case of the gluon final state. They are depicted in Fig. 7.10(c). Because
of the vector boson in the final state we arrive at a complex structure for the box
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diagrams

Muox =t(p3) €, (pa)i [V (B, + Bor 1k
+ pi*(BY, + BYL k) Pr + pi”
+ p2!(Byy, + By k) P + p2”
+p3"(Byy, + By ph) Pr + ps”

Py +9"(Bg'r + By'r1p) Pr

BPs + BY'r k) Pr

Byr + Byr1b) Pr

BYp + B3RH/2)PR u(p1), (7.59)

AA/-\\_/

where we formulate everything in dependence on the momentum ps, similar to the
Higgs case. The whole squared matrix element is obtained according to Eq. (7.53).
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8

(a) Contributing vertex corrections to the gluon-quark-quark coupling B, which appears in the
S,V

. . . s,V S,V
s-channel. They give rise to the corresponding form factors By.r BiL R and Byl g

di di
g - o -
I
A G q
g |
§ 8- “~--
qi qi
Gi gi s 5 Gi
5. _ " qk qi .- 8 -
- : " / w
4 7 R 4 /.
AT g g e « v i
g ~. g S A e
R TR~ T TR PR
gi gj '

(b) Contributing vertex corrections to the gluon-squark-squark coupling C‘ii, which occurs in the
t-channel. The form factors are called C! and C2.

(c) All contributing box diagrams for a gluon in the final state, which give rise to the form factors

/s,v /s,v /s,v /s,v
By'r g By, g Bo L gy and By'p .

Figure 7.10: Specific virtual corrections in case of a gluon in the final state.
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7.3.3 Processes with an Electroweak Vector Boson
in the Final State

Although the processes with the electroweak vector bosons have not been a dedi-
cated part of this thesis, we want to mention them for completeness. Fig. 7.11 shows
the naming convention which has been used for the calculation. In contrast to the
processes with a gluon in the final state, also a u-channel exchange is possible for
the Z° and W boson. However, the u-channel is absent for the process involving a
photon.

Xo D1 p3 ¢ X D1 p3 q
A4
]
Z]Vg,j+qQ Mg,
-2
=Y C\;:\'\"'\.
ag,i p2 p4 Zoawiu/‘y ag,i p2 p4 Zoawiu/‘y
Xo D1 pr Z°W* N

-7

-

?ig,z- D2 p3 q

Figure 7.11: Definitions which have been used for the generic amplitudes with an elec-
troweak vector boson in the final state. The contributing s-, - and u-channel
exchange is depicted. The u-channel exchange is absent in case of a photon
in the final state.

As the generic loop structure for the electroweak vector bosons is the same as for the
gluon in case of the s- and ¢-channel, we do not quote it again. The expressions can
be taken over from Eqs. (7.55) to (7.58) of the previous section. The corresponding
loop diagrams which give rise to the form factors are depicted in Fig. 7.12(a) and
7.12(b).
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The additional amplitude of the u-channel can be be written as follows

My =u(ps) €, (p1)i (A3, Pr+ A3 Pr) + (A3, Pr+ A3 Pr) 4]

(gg + mg,)

2

X1
Q3_mq3

i[Dy P+ DpPrlu(p).- (7.60)

With a neutralino and a chargino, respectively, in the u-channel propagator, no
SUSY-QCD propagator corrections arise. Also the neutralino-neutralino-Z° boson
and neutralino-chargino-W=*-boson coupling, do not lead to radiative corrections.
Therefore, only corrections to the vertex A% have to be taken into account.

The corresponding complex conjugated amplitude can be written as

Ji %ngg) i [(A3rPrL + A3 Pr)| u(ps)e,(pa). (7.61)

3 My,

M, =u(p1) i [D} P + Dy Pr

Following the same principle as explained for the corrections to the processes in-
volving a Higgs boson or a gluon, we can recover the tree level and calculate all
propagator and vertex corrected matrix elements on the basis of this conventions.
All occurring box diagrams are depicted in Fig. 7.12(c). With the same underlying
topology they can be calculated by the generic structure of Eq. (7.59).

Conclusions. Altogether, we have finally obtained all virtual corrections including
propagator corrections, vertex corrections and boxes. All permutations of generic
amplitudes have been obtained by using FORM [198]. The form factors have been
calculated and checked by using tools like FeynCalc [199] and FormCalc [200]. In-
dependent cross checks ensure the viability of the implemented expressions in the
code. The tree-level expressions have been additionally cross checked by comparing
with the build-in CalcHEP version of micrOMEGAs [201].
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(a) Contributing vertex corrections to the quark-
quark-electroweak vector boson coupling BY,,
which appears in the s-channel. They give rise to

the coyresponding form factors By} r, By g
and BSULR
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(b) Contributing vertex corrections to the squark-squark-electroweak vector boson coupling
C"q/gij, which occurs in the t-channel. The form factors are called C! and C2.

R A

Zwry 4 g Zowiy

i -
g Zwry T q T Zwry T 5 T Ziwry Gi

(c) Box diagrams in case of a Z boson, W boson or photon in the final state.

Figure 7.12: Virtual corrections in case of an electroweak vector boson in the final state.
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8 Renormalization

By working in D dimensions we have achieved to regularize all divergences in the one-
loop corrections. However, for the final total cross section, we expect a finite result
in the end. In order to give a physical meaning to the regularized loop contributions,
renormalization is used, which absorbs the divergences into fields and parameters of
the Lagrangian.

8.1 Principle of Renormalization

A common method is the multiplicative renormalization method, which is also used
in this work. Basic introduction to renormalization can be found in Refs. [202, 203],
further details are given in Refs. [204, 205]. As an introductory example we look at
the scalar ¢*-theory

1 m2 )\0
Lyare = 56“%8“% - 7%5(2) -0

o4, (8.1)
In four dimensions the scalar field carries the mass dimension [¢y] = 1 and the quartic
coupling [A\o] = 0. Due to dimensional regularization we assume a D-dimensional
Lagrangian such that the scalar field has dimension [¢g] = %. Thus, the coupling
would now also be dependent on the dimension D with [\g] = %. In order to retain
a dimensionless coupling, the parameter p is introduced

Ao — )\0/~L¥- (82)

This parameter is the so-called renormalization scale and was already introduced to
retain the mass dimension of the loop integrals (cf. Eq. (7.9)).

Applying now multiplicative renormalization, we can absorb by rescaling the diver-
gences which occurred in the calculation of the loop integrals in renormalization
constants. These renormalization constants are used to rescale all bare fields, cou-
plings and masses in the Lagrangian. For our example of Eq. (8.1), we can define

b0 =250 (8.3)
No = Zx A (8.4)
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= i[(p® — m*)6Zy — m*§Z,,)

>.< = —i\ >)< = —i(02) +202,)

Figure 8.1: Overview of the Feynman rules for the ¢*-theory. On the left side the usual
Feynman rules, on the right side the corresponding counterterm Feynman rules.

where Z; are the multiplicative renormalization factors. In perturbation theory we
can write

bo=(1+307,) 9 (5.
No = (1+ %5@) A (8.7)
mg = (1 +0Z,,) m*> == 1+ om>. (8.8)

Putting this in the bare Lagrangian of Eq. (8.1), we arrive at

1 m? A
_ T apn . 2 4
Ebare - 26 ¢8u¢ 9 (b 4|¢ (89)
1 p m? A )
5020 00,0 — (570 +67,) o — (675 + 267,) 516" + O(62°)
= Lren + 'Ccta (810)

where the first three terms belong to the renormalized Lagrangian and the remain-
der to the counterterm Lagrangian which absorbs the divergences. Within a one-loop
calculation, we do not have to consider terms proportional to O(6Z2).

We can see that the counterterm Lagrangian gives rise to similar Feynman rules
like the original Lagrangian. They are depicted in Fig. 8.1. However, the occurring
counterterms are not uniquely defined. Therefore, different approaches for their deter-
mination exist in literature. In the following, we want to mention two conceptionally
different ones: the DR and the on-shell renormalization scheme.

DR Renormalization Scheme. To work out the differences between, the DR
renormalization scheme and the on-shell renormalization scheme, we focus on the
following example: the derivation of the mass counterterm 67, of the above intro-
duced ¢*-Lagrangian. To this end, we consider the corrections to the propagator.
Fig. 8.2 shows the different parts contributing to the one-loop corrected propaga-
tor: the leading order propagator, the one-loop correction and the corresponding
counterterm contribution.
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o) = - Q -

Figure 8.2: Contributions to the full next-to-leading order propagator: Leading order prop-
agator, one-loop correction and counterterm contribution.

X

Thus, we arrive at one-loop level at

o (HI50P) oy = <1+—Z(p2)) (8.11)

p2_m2 p_mQ p2_m2 p_mQ p2_m2

with ¥(p?) being the mass correction consisting of the one-loop correction and the
corresponding counterterm:

—i%(p®) = —i%#AO(mQ) +i [(p2 —m?)6Zy — m25Zm]. (8.12)
The scalar self energy is given by the loop function Ay. The counterterm we can
read off Eq. (8.10) or take it directly from Fig. 8.1. As the scalar loop integral is
independent of the momentum p, we can set 6Z, = 0 without violating generality.
This is a special feature of the ¢* theory.
Considering the definition of Ay in Eq. (7.15) we obtain the following expression

Am? |1 m? — ie
. 2\ . . 9
—ix(p?) = —i5s |2~ E In4m —In ( e + 1)} —im°6Z,. (8.13)
In the dimensional reduction scheme the counterterm is defined to subtract only the
pure divergence without any finite terms. Therefore, we can directly read off the DR
mass counterterm from Eq. (8.13). The DR counterterm and the corresponding mass
correction are given by

A1 Am? m? —ie
DR 2
=07, =33z = E(p)—327r2 |:_7E+1H4W+1—1H< 2 )}
(8.14)

The DR counterterm, however, does not substract only the pure divergence, but the
whole Ayy-term as defined in Eq. (7.16). Thus, the counterterm and the correspond-
ing mass correction in the DR scheme can be expressed as

R A : Am? m? — ie
= 070 = —327T2A = X(p°) = 3972 [1 — ln( e )] . (8.15)

113



8 Renormalization

For both kinds of counterterms, we see that the corrected mass is dependent on the
renormalization scale p. For dimensional regularization, the corresponding scheme
is called MS- or MS renormalization scheme (minimal subtraction).

On-shell Renormalization Scheme. Another approach of renormalization is the
so-called on-shell scheme. Especially for particles, which are directly measurable like
the top quark, this method is often used. The key ansatz is that the renormalized
mass should be the physical mass such that it does not obtain any mass corrections.
To this end, the following two renormalization conditions have to be fulfilled

Re X (p?) =0 (8.16)

p2=m2

lim ;Z(pQ) =1 (8.17)

pZ2—m?2 p2 — m?

The first condition requires the renormalized mass to be the physical mass, i.e. the
real part of the propagator’s pole. The second condition asks for the residuum to be
one. Performing a Taylor series of the mass correction around the pole mass

d2
()

a0 (p? —m?) + ..., (8.18)

p2=m2

%(p®) = X(p°)

p>=m

and considering the first renormalization condition of Eq. (8.17) we get another
condition

2,

d—p22(p ) = 0. (8.19)

p2=m?2

However, as our example in the simple ¢*-theory is momentum independent, the on-
shell mass counterterm is merely defined by Eq. (8.16) such that the corresponding
on-shell mass counterterm reads

A 2
=020 = - [A +1-1In (m;ﬂ “)} = () =0. (8.20)

Within this renormalization scheme, the renormalized mass corresponds exactly to
the physical mass, and receives no mass corrections. In contrast to the DR scheme,
the mass counterterm contains besides the divergence also finite terms.
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8.2 Choice of Renormalization Scheme

Having the building blocks of renormalization in mind, we can think of a proper
renormalization scheme for our studied processes. As we aim to provide the one-
loop calculation of neutralino-squark coannihilation together with the other possible
(co)annihilation processes as one common package which can be linked to public
dark matter tools, we have to guarantee the viability of the renormalization scheme
over a large region of the MSSM parameter space.

However, it is difficult to define a renormalization scheme for both, the bottom
(s)quark sector and the top (s)quark sector at the same time that behaves well for
the whole parameter space.

As the physical mass of the top quark is directly measurable in experiments and
does not form bound states like the bottom quark, it seems appropriate to use its
physical (on-shell) mass in the calculations and renormalize it in the on-shell scheme.
The bottom quark, however, cannot be measured directly and forms hadrons such
that we treat it in the DR scheme.

Because of having top squarks (and potentially bottom squarks) as external parti-
cles, the on-shell scheme is applied for the squark sector. A careful treatment is in
particular needed for the trilinear coupling of the bottom quark A;. This issue has
been already discussed in literature, see for instance Refs. [206-209]. Using an on-
shell renormalization scheme for A,, we end up with the following renormalization
constant 0 A,

1
5A, = —| - (Ap — " tan B) omp + . .. |. (8.21)
b

It is obvious that for parameter regions with ptanf > A;, the counterterm re-
ceives a large shift and thus, give rise to large corrections of A, (see e.g. Ref. [207]).
This results also in huge corrections to the lightest Higgs mass, which was shown
in Ref. [206]. Therefore, we define the counterterms of the trilinear couplings in the
DR scheme. With the Higgs-squark-squark coupling playing an important role in the
coannihilation process with a Higgs boson in the final state, we define the trilinear
couplings further as input parameters.

Altogether, we use a hybrid on-shell /DR renormalization scheme, which is set up in
such a way that it minimizes potential problems with sensitive parameters. Similar
renormalization schemes for the quark and squark sectors of the MSSM were already
discussed and studied in Refs. [207, 210]. Compared to those approaches, however,
our renormalization scheme differs significantly in the treatment of the squark mix-
ing angles 6, and #,, which will be discussed later in more detail. But still, our
scheme shares some important features with the RS2 scheme which was introduced
in Ref. [207].

In the following, we discuss in more detail the used hybrid on-shell/DR renormal-
ization scheme with the renormalization and factorization scales set to u = /mgz mg,.
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Starting with the quark sector, we discuss then the squark sector to close with the
discussion of the a, counterterm, which occur in the vertex counterterms of the
gluon final state.

8.3 Quark Sector

8.3.1 Wave Function Renormalization Constants and
Mass Counterterms

First, we focus on the renormalization of the quark sector, where we take into account
mixing for the time being. The parameters to be renormalized are the quark fields
and masses. To do so, we consider the bare Lagrangian

Ly = @0,j5¢j(ia — Mo.q;)q0,i (8.22)

and can substitute as discussed before, the unrenormalized fields and masses by their
renormalized expressions and their corresponding counterterms

1 1

mOin — qu‘ + 5mqi7 (824)

with 5Z£’R being the quark wave function renormalization constants and dm,, the
quark mass counterterm. The renormalized one-particle irreducible two-point func-
tion of the quark is given by

Dy = b5 (F — my,) + L (F) (8.25)

A~

M = ity (k)Tiyu; (), (8.26)

with ﬂw(k:) being the renormalized self-energy and M defining its matrix element.
The physical propagator is obtained by inverting the two-point Green’s function
i(Tij)*l. According to the usual fermionic propagator structure the renormalized
self-energy can be written in the following generic form

~ - - 2SI ~S R

IL;;(K*) = FPLILS(K?) + KPRIL(K?) + PLIL ™ (K?) 4 PRIl (K?), (8.27)
where f[L’R(k:Q) and ﬁSLvsR(kZ) stand for the vector and the scalar parts of the two-
point Green’s function. Again, the hat on the the self energy contributions marks
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the parameters containing renormalized parameters and their counterterms

v

) 1
L/R _ +L/R L/R L/Rt

i/ =" (52@7 + 62" ) (8.28)

A 1

IR =t 5 (mqiéZé/ ®tmg,02) LT) — §;;0my,. (8.29)

ij

The two on-shell conditions read

= (8.30)
lim ————Re IL;(k?)u; (k) = wi(k). (8.31)

The first condition ensures that the pole mass corresponds to the particle’s physical
mass such that it does not obtain any loop corrections. Thus, it fixes the off-diagonal
elements and the mass counterterm. The second condition, however, fixes the diag-
onal elements and care for a proper normalization by requiring the residuum to be
one.

Applying these conditions on Eq. (8.27) together with considering Eqgs. (8.29), we ob-
tain the following expressions for the quark wave function renormalization constants
and the mass counterterm.

L/R L/R S,L/R
5Zij/ — Re {mngz‘j/ (mi) +mqimqj1'[.‘ / (m2 )

2 _ 2 v qj
m%’ mq]'

+ g ISP mquSrL/R} it ] (8.32)

[ v

1

qi i qi i qi
q;

0 L/R R/L S,.L/R S,R/L
= o gy [ (TR T ) ) = TP TSGR |
(8.33)
1
omy, = SRe {my, [Ih(m2) + TE(m2 )] + 13 (m2) + 115 (m2) § (8.34)

As we consider in our work only third generation quarks, quark mixing does not
have to be considered. Thus, we set ¢ = j and neglect the indices in the following.
For each chirality eigenstate of the quark we obtain one counterterm 67y g

qr 14167y, 0 qr
< r ) - < 0 142525 )\ an ) (8.35)

with §Z; r given by Eq. (8.33) with ¢ = ¢, b.
As the top quark mass is physically directly measurable and does not form any
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bound states we renormalize it in the on-shell scheme such that the top quark mass
counterterm is according to Eq. (8.34) given by

1
5m?:§R%m4H%m%+Hﬂmb4ﬂﬁ%mb+ﬂﬂmﬁ%. (8.36)

In our calculation we use the physical (on-shell) top quark mass of m; = 173.1 GeV.

8.3.2 Specific Treatment of the Bottom Mass

Due to the aforementioned reasons, in contrast to the top quark mass, we do not
renormalize the bottom quark mass within the on-shell renormalization scheme, but
use the DR scheme. As the bottom quark mass is not directly experimentally accessi-
ble, the mass parameter my(m;) is extracted in the MS renormalization scheme from
Standard Model analysis of the T sum rules (for more details see, e.g. Ref. [211-214]).
In order to obtain the bottom quark mass in the DR renormalization scheme within
the MSSM, some recalculation steps have to be performed. An overview is depicted
in Eq. (8.37).

MS, SM

mb (mb) SM NNLO mﬁ, SM(Q) conversion mﬁ7 SM(Q threshold m]I;TR, MSSM<Q) (837)

b b

running corrections

Starting with the bottom mass at its own mass scale m;(my), we use the Standard
Model next-to-next-to-leading order (NNLO) renormalization group running to ob-
tain the bottom quark mass at an arbitrary scale @) [215]. The so obtained mass
my> ™ (Q) can then be recalculated in the DR scheme [215]. As a last step, we then
take account for threshold corrections Amy, which the mass receives when going

from the SM to the MSSM.
my Q) = Q) — Amy. (8.38)

Having calculated the DR mass of the bottom quark, we can write its corresponding
counterterm as

mP A (8.39)

8.3.3 Resummed Corrections to the
Higgs-Quark-Quark Yukawa Coupling

A prominent place where quark masses enter our calculation is through the Yukawa
coupling of the Higgs bosons to quarks. Especially, the Yukawa couplings to the bot-
tom quarks were precisely studied through Standard Model decays of Higgs bosons
into massive bottom quarks. QCD and top quark induced corrections to the Yukawa
coupling were calculated up to O(a?) [216-218] and can be used in terms of an
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effective Yukawa coupling for each neutral Higgs boson ® = h°, H?, A° defined as

WS 2 WS 2
[ H (@) = Q)1+ Ao + A (8.40)
The usual MS-Yukawa coupling of a Higgs boson to bottom quarks is denoted by
(hz[s’q)) (Q) and is corrected by the QCD corrections Agep and the top quark induced
corrections AP, The QCD corrections Agep are explicitly given by

; 17 o2
Ager = MCFZ CAC) 135.94 — 1359,
™ ™
3
1+ 0 Q16414 — 95.77ny + 0,250 0 (8.41)
3 f f
4
+ & @ [39.34 —220.9ny + 9.685n% — 0.0205 nj:] :
™

where n; accounts for the number of flavours which are taken into account. The
top-quark induced corrections A for each Higgs boson ® read

Al = ¢,(Q) _1.57 . %log % + % log? mgz@)_ (8.42)
A = cy(Q) i1.57 — % log % + % log® mgz@) (8.43)
AL = c4(Q) % —log %2 + élogQ mgf)] , (8.44)
with
(@ en(@ea@} = 2L L mae L} (8.45)

defining the prefactor of each correction.

So far we have only considered corrections arising within the Standard Model. How-
ever, also in the MSSM the Higgs-bottom quark coupling can receive large corrections
for large tan § or large A, even beyond next-to-leading order. As these known effects
can affect our performed analysis, we include also these corrections that can be re-
summed to all orders of perturbation theory in our calculation [219, 220]. With A,
being the resummable part we can redefine the already corrected Yukawa coupling

119



8 Renormalization

hISAP2 () of Bq. (8.40) by

Q) = W A (8.46)

b 1+ A, tanatan |’ '

(o) tan o
MSSM,H b
’ — = A 4

i) = Mo mal (8.47)
PESSEA(Q) Q)| A (8.48)

b 1+ A, tan? 5| '

For our calculation we use the above defined resummed Yukawa couplings. However,
as we already provide a full next-leading-order calculation we exclude all QCD and
SUSY-QCD corrections arising from one-loop order, as they are already present in
our calculation.

As already mentioned, MicrOMEGAs takes into account some effective couplings in
the calculation of the (co)annihilation cross sections. The above introduced effective
Higgs-bottom quark couplings of Eqs. 8.46-8.48 are according to Ref. [134] the only
corrected parameters with direct impact on the cross section, which are implemented
within MicrOMEGAs so far. Loop corrected sparticle masses and their corresponding
mixing matrix elements are taken over from a chosen mass spectrum calculator, like
SPheno, Suspect, Isajet or SOFTSUSY.

8.4 Squark Sector

After having discussed the renormalization of the quark sector, we focus now on the
corresponding supersymmetric sector. Similarly to the fermionic case we can derive
the wave function renormalization constants for the squarks. Again, we constrain
ourselves to the third generation, i.e. to stops and sbottoms.

To derive the squark wave function renormalization constants we start from the
scalar bare Lagrangian

Lo = Go,j0:; (i) — mg,,)do,i (8.49)

and substitute the bare fields and masses by their renormalized parameters and the
corresponding counterterms

. 1 .
doi — (5,] + §5Zij)Qj (850)
mqo’i — mg; + 5mqi , (851)

with 0Z;; being the squark wave function renormalization constant and émg denot-
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ing the mass counterterm. Hereby, we work in the mass eigenstate basis indicated
by the indices i,j. Again, we define an one-particle irreducible two-point function
Pij as
i = 0i;(k* — m2) + 1L (k) (8.52)
M =T (8.53)

with its corresponding matrix element M. The one-loop corrected self energy f[ij(k:Q)
can be written as

. 1 1 -

Hij(k‘Q) = HU(k’Q) + a(k’2 - mél)(SZ,j + 5([4?2 - m%)éZﬂ - 5”57’”21, (854)
where IT;;(k?) depicts the renormalized self energy and the remainder the correspond-
ing counterterms. Considering the usual on-shell renormalization conditions

Relly(k)| =~ =0 (8.55)
k :mqj
1 A
lim ——Rell;(k) = 1, (8.56)

2 _
k2—>mgi k My,

we obtain the following expression for the squark counterterms

2 . .
0Zij = mResz(m%)ﬂ % J (8.57)
qi qj
0
7. = —Re—TI,,(k?2 _
5 7 Re&k2 zz(k ) k2=m3~i (8 58)
(0m3)% = Rell;;(mg,). (8.59)

However, the renormalization of the squark masses and connected parameters is
more complicated than discussed until now, as the gauge eigenstates of the third
generation squarks mix. At tree level the squark masses m?ji in the mass eigenstate
basis are obtained by diagonalization of the squark mixing matrix

(”?"1 n~?2 ): (8.60)

G2
2 3L _ 2 2 2 _ —2r3
- < Mg + (10" —eq s3) cos2B8mz +m; mq(Ay — p (tan §) ) ) iy

mq (A, — ,u(tanﬁ)_ﬂgL) M?

.0y T € sy cos 26 mz 4+ m?

where ¢, is the fractional charge of the squark in units of e, sy is the sine of the
weak mixing angle, and I (?L is the weak isospin of the squark. The squark mixing
matrix is given by U4, the soft breaking parameter are M%, M, MZ, and the tri-

linear couplings are denoted by A;, Ay. Due to the SU(2) symmetry the stop and
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sbottom sector is connected through the common breaking parameter M% such that
it has to be renormalized together.
Considering the relation of Eq. (8.60), we end up with in total eleven free parameters
(Mé, ME, M2, Ar, Ay, 07, 0;, mtg1 , mi, mgl, mli), where five of those are completely in-
dependent. In order to fix the renormalization of the squark sector we have to select
five independent input parameters. For this choice it is important that the renormal-
ization scheme is applicable not only for the case of neutralino-stop coannihilation,
but also for all the other annihilation and coannihilation processes which should be
covered by our package DMONLO.
As neutralino-stop coannihilation is extremely sensitive to the lightest stop mass m%1
and this mass plays also an important role in the t-channel exchange of neutralino
annihilations (cf. [157]) it is quite obvious that the lightest stop mass is chosen as
input-parameter and is treated on-shell. Furthermore, we treat also m% and mli as
input parameter. By contrast, the heaviest squark mass m;,, which is Tess prone to
receive large corrections, we treat as dependent parameter.
As already mentioned before, the trilinear couplings A;, Ay play a crucial role in the
neutralino-stop coannihilation processes with a Higgs boson in the final state. There-
fore, it is quite natural to treat them also as input parameters. Due to huge shifts,
which can appear when treating the trilinear coupling A, on-shell (see Eq. (8.21)),
we choose to define both, A, and A, in the DR scheme [206-209]. Another approach
would be to define these parameters in the on-shell scheme, e.g. through the decay
process of a squark into squark and a Higgs boson as done in [210]. This, however,
would require a dedicated treatment of the infrared divergences arising in such a
calculation.
To summarize, we have chosen in our hybrid on-shell-DR renormalization scheme the
following parameters as input parameters

(m7)%, (mj )%, (my,)*, AP, A, (8.61)

t1 b1

whereas
mi,, Oz, 05, M3, M7, M3, (8.62)

are dependent parameters.

As a next step we have to specify the counterterms of the input parameters. The
counterterms for the on-shell masses (m? )%, (mgl)os, (mgg)OS are defined according
to Eq. (8.59) as follows

(0m3,)® = Rellyy(mz), with ¢ = f, by, bo. (8.63)

122



8 Renormalization

The corresponding DR counterterm of the trilinear couplings can be written as
— 1 o _ o _
5A2'R = UflUlqz(ém?jl)DR + U2q1Ug2<5m§2)DR
q
+ (U3, Uy + Uy Ugy ) (m, —me, ) 665"
SmPR

— mq (UflUme§1+U§1U§2m§2)], (8.64)

q

with the necessary DR counterterms of the squark masses and their mixing angles

defined by

DR asCF G G 2 oA = =2
(5m§i)DR = e A ((Uiql)2 - (Uiq)Q) m?ji - méi + (U§1Ufl - U§2U112) m%
+ 8mymg U US — 4mZ —4m} | , (8.65)
s = 2O 1w - ugu) (082 - Wh)me
q A (mél _ mi) 2111 22V12 11 12 1

N o _ _
+ ((Ugl)z - (U§2)2) még) + 4m§mq(U{11U§2 + U{IQUgl) (8.66)

The necessary DR quark counterterms are defined according to Eq. (8.39).

In a second step we have to take care for the counterterms of the dependent param-
eters. To this end, we can use again relation (8.60). We can calculate the trace and
the determinant for both, stops and sbottoms, on both sides of the equation. By
requiring the corresponding values of both sides to be the same, we can express
the three soft breaking parameters M%, Mé, M12§ in dependence of the input param-
eters. Having determined the soft breaking mass parameters, the mass eigenvalues
of the stops and sbottoms can be calculated by diagonalizing the right hand side of
Eq. (8.60). The obtained eigenvalues are then defined to be the three chosen on-shell
masses (m? )%, (m? )%, (m? )%, as well as the dependent stop mass mZ . Further, the
mixing angles 07, 6; can be derived as dependent parameters.

The only missing piece, are now the counterterms of the dependent parameters
mi,@;, 0;. As the counterterms of the soft breaking parameters never appear ex-
plicitly in any vertex, we do not have to calculate them. First, we can derive the
counterterm for the squark mixing angles §6; and §6;. Considering again Eq. (8.60),
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we can express them according to

dmg(Ag — p(tan B)214") + my 6 A, — UL Uy (6m2, — dm2)
(US,Uf, + UL US,) (m2, — m2,)

805 = , (867

in dependence of the counterterms of the input parameters. In other renormalization
schemes, where the mixing angles belong to the set of input parameters, they can be
expressed in terms of the wave-function renormalization constants (cf. [221]). The
last remaining piece concerns the counterterm of the heavy stop mass mi. This one
can be also calculated by considering again the relations of Eq. (8.60)

1
o2 = ——

pa— (U2£1Uf2 + U1£1U§2) ((U{’l)Qémgl + (U§1)25m§2
U5, Uty

b

+ 2U§1U§’1 (m%1 — mi)é@lg — 2mydmy — (Ufl)zémfl + thémt>

2UL UL, <5mt (Ay — p/ tan 8) 4+ my 64, — UflUfzémth] (8.68)

It depends on the other squark mass counterterms, the trilinear coupling counterterm
as well as the above introduced mixing angle counterterm.

Altogether, we arrive at a stage, where we can fully renormalize all processes with
electroweak vector bosons or Higgs bosons in the final state. However, in order to
obtain a fully renormalized theory also in the case of a gluon in the final state,
we have to treat the gluon wave function renormalization constants and the oy
counterterm, additionally. This we will do in the following section.

8.5 Gluon Sector

8.5.1 Wave Function Renormalization Constant

For the case of a gluon in the final state, we also have to derive the gluon wave func-
tion renormalization constant. To this end, we start again with the bare Lagrangian

1
Lo=—7 (9,G3, - 8,G¢,)° (8.69)

where we can substitute according to the multiplicative renormalization the bare
field with the following renormalized expression

1
fu = (1+502°)G., (8.70)
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with 079 being the gluon wave function renormalization constant. As the gluon is
renormalized on-shell, it remains after renormalization massless and thus does not
obtain a mass counterterm. For calculating the renormalization constant we again
write down the one-particle irreducible two-point function

U (k) = —guk® — 10, (k%) (8.71)
M = —ie" (k)T e (), (8.72)

with its matrix element M. The parameter f[w,(k:Q) indicates the gluon self energy

and can be split into two parts: the transversal component ﬂT(kZ) and the longitu-
dinal component Iy (k?)

() = (g = 225 ) 1000 + 210,02, (873

Considering the renormalization conditions
Rell; (k)e” (k) s = 0 (8.74)
Jm, ﬁReﬂii(k)e”(k) — (8.75)

g

and the relation k,e# = 0 we can neglect the longitudinal part for deriving the
counterterm. Therefore, the loop corrected self energy can be written as

I (k?) = Hp(k?) 4+ k2629, (8.76)

with TI7(k?) being the renormalized self energy and k2079 its counterpart. By ap-
plying the on-shell renormalization conditions of Eqs. (8.74) and (8.75), we obtain
finally the gluon wave function renormalization constant as

0
g _ 2
57 Re 5Tl () o’ (8.77)

which is dependent on the transversal component of the gluon self energy. The differ-
ent contributions to the gluon self energy are depicted in Fig. 8.3. All seven diagrams,
containing quarks, squarks, gluons, ghosts or gluinos, have to be taken into account.
At this point it is interesting to mention that in contrast to the wave function
renormalization constants of quark and squarks, also collinear infrared divergences
occur. The three diagrams of Fig. 8.3 which contain a gluon, a ghost or light squarks
give rise to the loop function By(0,0,0) E— — -, that contain a collinear diver-
gence. This infrared divergence will be handled by the hard and collinear approxi-
mation that will be discussed in more detail in Section 9.3.2.
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Figure 8.3: Gluon self energies, which contribute to the determination of the gluon wave
function renormalization constant dZ9.

8.5.2 Renormalization of o

The last basic ingredient which has to be derived is the counterterm for the strong
coupling constant g, or the fine-structure constant ay, respectively. Hereby, we follow
the procedure of Ref. [222].

In order to fix the a, counterterm we consider the decay of an off-shell gluon into a
quark-antiquark pair. The corresponding Lagrangian looks like

L() = _g568“<p)710s(kl)T;quUOt<k2)- (878)

We renormalize the bare Lagrangian by substituting the following expressions

1 1
’U()t(kfg) = (1 + §5ZEPL + §5Z?%PR) ’Ut(kfg) (879)
1 1
" (p) = (1462%") *(p), (8.81)

where we consider the previously introduced quark wave function renormalization
constants Z7 .. Further, we apply the off-shell defined gluon wave function renormal-
ization constant

1 Re(llr(p?))

879" =
2 p?

(8.82)
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In order to determine the counterterm of the strong coupling constant, we compare
the UV-divergent terms arising from the vertex corrections to the gluon decay into
a quark-antiquark pair with the corresponding counterterms obtained by Eqs. (8.79)
to (8.81). As only terms proportional to 7, of the vertex corrections are of interest
we can write the following simplified expression (see Ref. [222])

8gs\ .y 029 6Z] 87 578 571
(1+ gg )1+ 9 )(1+TLPL+TRPR)7u<1+TLPL+TRPR)
= (1= A= Auys) + ..., (8.83)

where the term on the left hand side arises from the counterterm contributions. The
expression on the right hand side indicates the terms linear in v, which arise from the
vertex corrections to the decay. Here we distinguish additionally between the terms
linear in v, named /A and those linear in 7,75 denoted by A4. All terms proportional
to 7,75 have to cancel each other and are UV-finite.

Therefore, we end up with the following relation for determining the counterterm

07s

07s
gs

- A %(529' 629 4 678). (8.84)

In total four different diagrams contribute to the vertex correction of the quark-
quark-gluon vertex. This vertex corresponds to the vertex B introduced in the pre-
vious chapter. The contributing UV divergent diagrams are depicted in Fig. 8.4.
From the already calculated vertex corrections we are able to extract all terms A
which are UV-divergent and linear in v,. Furthermore, we can distinguish between
contributions arising from the pure SM vertex corrections AP and the pure super-
symmetric ones ASUSY PR,

Similar to extracting the UV-divergent terms out of the necessary vertex corrections,
we can do the same for the wave function renormalization constants of the gluons
and quarks. The contributing diagrams are depicted in Fig. 8.4, respectively.
Finally, we arrive at the following SM contributions to Eq. (8.84)

g/SM,DR _ Qs _g §
57 o ( 0+ 3cA) (3.85)
5ZgSM,ﬁ{ _ 5Z%SM’ﬁ _ % A (=Cp) (8.86)
SMDR _ % A(Cp+ Cy), (8.87)

where ny = 6 indicates the number of flavors arising from the sum over the quark
loop. The color factors are given as Cp = % and Cy = 3. The corresponding super-
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5Z9SM ~ 15/3C,

dZISM ~ - 2/3n

5ZISUSY ~ -2/3C,

&Z9SUSY ~ - 1/3n,

6ZqSM ~ ‘CF

L/R

qsusy .
0Z L/R Cr

ASM ~ CF-CA/2

ASM  ~ £ 3Cp2

E ASUSY ~ (Cp-Cu2)/2

ASUSY ~ 1 Cy 4

Figure 8.4: Overview of the diagrams which contribute to the a;; counterterm. All necessary
expressions linear in = A are given.
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symmetric terms are given by

— 1 2
79/ SUSY, DR _ Qs Al—Zp, -2 .
5 . ( 37 3CA) (8.88)
5ZgSUSY,ﬁ _ 5Z%SUSY,ﬁ _ % A (=Cp) (8.89)
ASUsY.DR _ Y A 90
= P (8.90)

where ny = 6 comes from the sum over the squark loop. Putting all necessary pieces
together we obtain the dg, counterterms

5\, /2 11
—BA (L - 20 91
(gs ) s \3" T g (8.91)

59 SUSY, DR a 1 9

where the first indicates the pure standard model counterterm, the second the super-
symmetric one. Both together result in the final MSSM counterterm

%95 ﬁ—%A( —3C,) (8.93)
Js _87T ny A) . .

As numerical input value for a, we use so far the typical Standard Model value
AMSSM(My) with ny = 5. However, principally a®*5%(Q) with n; = 6 should be
used within the MSSM, which is work in progress. An appropriate treatment of the
running of a; in the MSSM can be found in Ref. [223].

Having precisely deduced the source of every single contribution of the dg, counter-
term, it allows us to carefully check the UV-divergences in our code for every single
contribution against each other. Thus, we have a powerful tool to validate different
parts of our code. We have successfully checked that our code is UV-convergent for

all possible final states.

8.6 Vertex Counterterms

Having derived all necessary counterterms for masses, mixing angles, and the strong
coupling constant as well as the needed wave function renormalization constants, we
are now able to construct the vertex counterterms for all corrected couplings. As an
example we focus on the vertex counterterm to the coupling Agfn, which is present
for all channels and all final states.

On the basis of the tree-level coupling

AL =i [AL" P, + AL Py, (8.94)
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with coefficients given by

u goMyy,
AT : U 8.95
" s1n9W\/_MW sin (8 Niali ( )
Jo sin Oy ”
\/_sm O <( G — Ig“)cos Ow Njx+ Ig“Nﬂ) Ui
m
P o N* U 8.96
" 92 sin Oy V2 My sin 8 g4l ( )

+ \/_g2 qu Nj*l Uz;g

we can derive the corresponding counterterm, which features the same generic struc-
ture

JAL = i [5AL" P+ 5 A% " Pyl (8.97)

In order to derive the coefficients of the counterterm, we have to consider all param-
eters of the original coupling which are connected to the strong coupling sector, and
substitute those by their corresponding counterterms. In the following example, this
applies for the quark mass counterterm dm,,,, and the counterterm of the mixing
matrix 6U":

. " w. [ Oy oU.y
oAt = P N (L + —) (8.98)
sin Oy V2 My, sin 3 My, Uy’
V24 sin Oy, u
— w — I3 ) ———N, Is Nio | 6U°
sin Oy ((q 3")0059W it ¥ i jQ) "

ugR1 1 Ug ugRl *Ug
u g2 My, u 5mu 5U'Ug
SAY T = — g N3, U ¢ 4 ;1) 8.99
" sin Oy V2My sin 3 jaril (mug Uy’ ( )
\/_QQQU

cos Oy

+ Ay 55213 + AQ;.Léazzg + AZ.]:"L?SZR v,

* Ug
7 15Ui2

Also the corresponding wave function renormalization constants for the quark and
squark legs of the coupling have to be considered.

With this approach, we are able to construct all vertex counterterms which are
needed within the calculation. The derived vertex counterterms for the couplings
which are involved in the processes with a Higgs boson in the final state are given
in Appendix B.

With the generic structure introduced in Section 7.3, we can now also easily obtain
the full squared matrix element that considers all counterterms. Similar to Eq. (7.50),
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we can write the generic structure in case of a Higgs boson in the final state according
to

MGounter = MV M 4 2Re(MM M) + 2Re(MEM M)
+ MM 4 2Re(MEFMT) 4 2Re(MIT M)
+ MEMIPT 4 2Re(MP M) 4 2Re(MI" M)
+ MM 4 2Re(MPPE M) 4 2Re(MP2 M) (8.100)
+ MM 4 2Re(MPEMIT) 4 2Re(MIE M)
+ MEMPTT 4 2Re(MPFMET) 4 2Re(MT M)
+ MMM 4 2Re(MOM M) + 2Re(MMS M),

where we put the corresponding vertex counterterms (0A; 23, 0F, §G) and propaga-
tor counterterms (6P) according to the supscript of the amplitudes.

The same procedure can be performed for the neutralino-stop processes with a vec-
tor boson in the final state. We have derived all necessary counterterms, and have
calculated the full squared matrix element by using the generic structure introduced
in Section 7.3.

Conclusions. Finally, we have performed the full calculation of the virtual contri-
butions. We have addressed the necessary propagator corrections, vertex corrections,
and box diagrams. Due to a dedicated renormalization procedure, which has been in-
troduced in this chapter, we managed to cancel all occurring UV divergences within
the whole calculation. We have performed extensive UV-checks for all contributing
processes of all final states, and can guarantee a full UV convergent calculation and
implementation.

However, we are not yet completely at the end of the calculation. Still there are
uncancelled infrared divergences, which occur, and have to be cancelled in a sec-
ond, dedicated step. The corresponding treatment will be the topic of the following
chapter.
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9 Real Corrections

In this chapter we discuss the treatment of the remaining infrared divergences. After
a brief introduction to infrared divergences in general and a motivation for including
real emission diagrams, their calculation will be outlined. In a dedicated section we
discuss the phase space slicing method for pure soft divergences, which occur in the
processes with a Higgs or electroweak vector boson in the final state. As a second
step, we focus on the treatment when both, soft and collinear divergences appear,
which is the case for a gluon in the final state. For completeness, we address also
difficulties that arise due to intermediate on-shell particles appearing in our matrix
element.

9.1 Infrared Divergences

In order to get a finite result for the final full next-to-leading order calculation, one
has also to treat carefully the infrared divergences (IR) arising from some virtual
corrections in which at least one gluon is exchanged. These IR-divergences cancel
against specific similar divergences of the real radiation diagrams where a gluon is
emitted from one of the initial state squarks or final state quarks and gluons. In
the total cross section, finally, all IR-divergences arising from virtual diagrams are
cancelled exactly by the divergences of the real contributions which makes the full
next-to-leading order result infrared safe, which was shown by the Kinoshita-Lee-
Nauenberg theorem.

CTNLO _ / do_real +/ do_virtual = finite (91)
23 22

However, the cancellation of these divergences is more involved than for the UV
divergences. Whereas the IR divergences in the virtual diagrams arise due to virtual
gluon exchange, the corresponding IR divergences in the real corrections occur only
when integrating over the phase space of the external gluon (see Eq. (9.1)). The
treatment of these infrared divergences is again in D dimensions possible, and should
be worked out in the subsequent sections.

In order to understand the kinds of appearing infrared divergences, a generic real
emission diagram is depicted in Fig. 9.1. The grey blob indicates the usual tree-level
contribution A and has one outgoing leg of which a gluon is radiated off. It is the
denominator of the intermediate propagator before the gluon emission which give
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9 Real Corrections

Figure 9.1: Schematic real emission diagram. The grey blob indicates for the absorbed
contribution which is similar to the tree-level. The outgoing fermion / gluon
line shows an exemplary leg of which a gluon is radiated off.

rise to two different kinds of infrared divergences:

1 o 1 - 1 w—0 V 50 <9 2)
(p+k2—m2 2p-k  w(E,— |plcosh) mp=0n0-0 '

where k = (w, k) is the D-momentum of the radiated gluon and p = (E,,p) of the
second final state particle (see Fig. 9.1). If the momentum of the gluon becomes
almost zero (Ej, — 0), a so-called soft divergence appears. Is the outgoing leg also
a massless particle, like a gluon in our case, a collinear divergence can be caused if
the angle between both outgoing particles is tiny (6 — 0).

9.2 Calculation of Real Emission Processes

In order to obtain a finite result for the total cross section, we have to take into ac-
count all possible real emission processes of all final states. Fig. 9.2 gives an overview
over all processes in case of a Higgs or an electroweak vector boson in the final state.
In Fig. 9.3 all diagrams involving a gluon in the final state are depicted. On the
example of the Higgs final state, we give the amplitudes for all possible real emission
processes. The matrix elements M,;, Mg,, and M,; denote the amplitudes arising
from gluon emission off the initial state squark, the quark propagator, and the final
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9 Real Corrections

state quark in the s-channel, respectively. They are given as follows

+p,+m
Mo = alps) i [F2Py + FyPe) i P00 e py g Py

)
7 i .

ol —— i 9o(2ph — p5) w(p1) €;,(ps) (9.3)

+p, +my, PP, +mg

My = ulps) i [FL P +F§PR]ip3 b 2 - Zgﬂulpl e 2 -

S 4—mq1 5192 —mql

X i[AiLPL + AiRPR] u(pr) eZ(p5) (9.4)

- . Py TP M3 P, TP, Mg

of = % 3 5 Fsp Fip 1 2

My = u(ps) i g1y [ ———— i[FPL+ Ff R]Z—Slz—mgl

X 1 [AiLPL + Ai,RPR] u(p1) 6;(295)- (9.5)

The same naming convention is used for the corresponding real radiation in case of
the t-channel diagrams

— . S S 7; N 7; y *
My = u(ps) i [A5  Pr + A5 g Prlu(p1) Ly —m2, ( tos — M2 i 9o(2p5 — p5) €,(ps)
(9.6)
— . s S Z )
My = u(ps) i [A5 [ Pr + A3 g Prlu(p1) - igo(Py — Py + 5 — i)
q2
1 o x
x ————iG €, (ps) (9.7)

— 2
toa — My,
Pyt P+ ms
2
S35 — m3

_ . i s
My = u(ps) i gy"i —— G €, (ps),

i [A;,LPL + AS,RPR] u(p1) tor —m
2
(9.8)

as well as for the u-channel. However, in the latter case no gluon emission of the
propagator is possible

I i P~ Pyt Mg
wi = As  Pr+ A5 R PRl ——— ol — pty 14 =
M u(ps) i | 3. .lL T A g R tos — 2 i go(2py — p5) i tia _mgg
x i [Hp Pr + HgPrlu(pr) €, (ps) (9.9)
_ . ]ﬁ +1¢ +ms ]ﬁ _]ﬁ +mQS
My =1 i pgt3 75 " yTAS P4+ AS PRl —14 -
f (p3) i g1y P [ 3,L1L 3,R R) ty—m2,
x i [H} P, + HjPrlu(py) €,(Ps)- (9.10)

In the above introduced matrix elements, the same conventions regarding the nam-
ing of the couplings, external and internal momenta, masses etc. have been used
as introduced in Sec. 7.3. The additional gluon momentum is denoted as ps. The
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Mandelstam variables s;; and ¢;; are defined as

sij = (pi +p;)?
tiy = (pi — p;)°

Moreover we substituted for simplification the following to couplings

_igsTa<pin + pout)‘u = 290<pm + pout)u
—ig T"" = igiy".

The full squared matrix element

|M|72"eal = Z Z MﬁvMZ’
z Y

(9.15)

with x,y = st, sp, sf, ti, tp,tf,ut,uf is obtained by considering all permutations of

the above introduced single amplitudes. This was performed by using FORM.

Specific contributions to the full squared matrix element are now supposed to cancel
against the infrared poles of the virtual contributions. However, the cancellation
between the infrared divergences arising from the virtual contributions and those
of the real contributions is not that straightforward as for the cancellation of the
UV divergences within the virtual part. This is due to the fact that the divergences
in the real contributions appear only by integrating over the gluon momentum. In
the following we want to focus on one method which can be applied to address this

problem, and is used within the DM@NLO code.
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I ainiaiutnieit 412221 g g
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qi qi T~ qi T~ qi

(b) Real emission from the t-channel diagram. Specific for an electroweak vector boson is the last
diagram in the row, as an corresponding coupling is absent for a Higgs boson in the final state.

) v ) v
Xn e Xn ja

n - n -

(c) Real emission from the wu-channel diagram.
There is no emission possible from the propagator.

Figure 9.2: Real emission diagrams in case of a Higgs (¢) or an electroweak vector boson
(V) in the final state. From left to right, gluon emission from the initial state
squark, the propagator, and the final state quark is depicted. Only the last
diagram of Fig. 9.2(b) is special in case of an electroweak vector boson in the
final state.
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(a) Real emission from the s-channel diagram. The emission from the quark
propagator and the external quark leg lead to the same undistinguishable

process.
qi k 8 g :
TG
|

- 8
g g i

(b) Real emission from the t-channel diagram. The emission from the external squark leg and the
squark propagator lead to the same undistinguishable process.

(c) Real emission of two light quarks from the ex-
ternal gluon leg. These processes are necessary to
ensure total IR finiteness.

Figure 9.3: Real emission diagrams in case of a gluon in the final state. From left to right,
gluon emission from the initial state squark as well as from the final state
quark and gluon is depicted. The diagrams of Fig. 9.3(c) are specific for this
final state.
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9.3 Phase Space Slicing

The infrared divergences arising in the virtual contributions can be isolated by work-
ing in D dimensions as discussed in Sec. 7.1. However, in case of the infrared diver-
gences occurring within the real emission processes an additional, special treatment
is necessary. This is due to the fact, that divergences in the 2 — 3 processes arise,
when integrating over the gluon phase space. To address this problem the so-called
phase space slicing method is a possible method.

Within this approach the phase space is sliced into a soft part (%) and a hard
part o' (see Eq. (9.16))

o_real _ O'SOft(AE) + O.hard(AE) (916)
= *M(AE) + oM (AE, Af) + ot (AE,AG). (9.17)

coll non—coll

When also collinear divergences can arise like in case of a gluon in the final state,
we cut the hard part again into two pieces, a hard and collinear ¢34 and a hard
and non-collinear part oh@d  (see Eq. (9.17)). Fig. 9.4 shows an illustration of the
sliced phase space.

We will see that the amplitudes factorize in their soft and collinear limit in terms
of the 2 — 2 phase space. This factorization makes an easy cancellation of the real
and virtual infrared poles possible.

In the following we focus first on the soft gluon approximation when a Higgs or
a vector boson is in the final state. In a second step we discuss the special case
involving a gluon in the final state. Here, one has to take care also for collinear

divergences such that a special treatment is necessary.

A pJ_

GSOft AG

/\J\ hard p IVI
— AE —.0)

~Zcoll

hard

0-non-coll

Figure 9.4: Schematic overview over the regions of the parameter space which have to be
treated separately. We distinguish between the soft (soft and collinear) part

0%t the hard and collinear part grd

coll »
hard
non—coll*

as well as the hard and non-collinear
part o
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9.3.1 Processes with a Higgs or an Electroweak Vector Boson in
the Final State
Treatment of Soft Divergences

With the gluon being emitted from massive particles, the processes with a Higgs
or a vector boson in the final state give only rise to soft divergences. Considering
the contributing 2 — 3 processes shown in Fig. 9.2, only diagrams with a gluon
radiated of an initial state squark, or a final state quark feature a divergence. Real
emission off the propagator does not lead to a divergence, as both propagators are
independent of the gluon momentum (cf. Egs. (9.4), and (9.7)).

In order to cancel the soft divergences arising from these diagrams with the corre-
sponding contributions of the virtual corrections (see Figs. 9.5 and 9.6) we would
like to factorize the divergent part in terms of the 2 — 2 phase space. Considering
Fig. 9.1, we can phrase the 2 — 3 process dependent on an amplitude 4y which
is similar to the tree-level, but with an outgoing fermion carrying the momentum
p + k. From this outgoing leg the gluon with momentum £k is radiated off. Thus we
can write

igs Ty )u(p)e,, (k). (9.18)

Assuming the soft limit k* — 0, we can write the above equation as

*

_, \P-€
M = Ao(p)u(p) "

(9sT). (9.19)

Thus, in the soft gluon approximation (often also called eikonal approximation), we
are able factorize the real emission amplitude in terms of the tree-level amplitude,
a term which contains the divergence, and a factor arising from the process specific
coupling.

The same expression can be also derived in the case a gluon is radiated off an ingoing
sfermion. Finally, the most general expression is given by

pi- € a
e aT) (9:20)

M:MOZi

where + is valid for an outgoing particle or incoming antiparticle, and — for an
incoming particle or an outgoing antiparticle.

Thus, we can write the squared matrix element of all real radiation diagrams for each
specific process Y0, — t¢,V with ¢ = h®, H°, A°, H* and Z°, W#, ~ (see Fig. 9.2)
in the soft limit by using the eikonal approximation as follows

2 2 2 .
M2 = [M,|? x (= ¢2C P2 P 2P2bs | 9.21
Mol 0.0 | e T G- B2~ o )k - o) (6-21)
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The first term arises from the squared initial state radiation contribution, the second
one from the squared final state radiation diagram, and the third expression denotes
their interference terms.

Having managed to factorize the squared matrix element of the real emission in
terms of the tree level contribution, we now have to separate also the phase space.
Therefore, we concentrate now on the integration over the 2 — 3 phase space in
dimensional regularization with D > 4. We can write the partial cross section as

do__l/ dD71p3 delp4 delk
(

D (D) —_—
" 3 ) (2m)DP-12E;, (27)P-12E, (27T)D712w(2ﬂ-) 5P (p1 + pa — p3 — pa — k)| M2,

(9.22)

where ® indicates the flux factor. Due to the soft gluon approximation we can assume
the momentum of the gluon being negligible in the delta function k* = 0 such that
we can separate the integration over the gluon phase space from the two-body phase
space

delpg delp4 delk:
dl’ = 21)\P5P) e —
3}soft (27T)D_12E3 (27T)D_12E4( ﬂ-) 5 (pl +p2 ps3 p4) (27T)D_12w’
(9.23)
with
dD—l dD—l
b L (27T)D5(D) (p1 +p2 — p3 — pa) = dI'y (9.24)

(2m)P-12E, (2m)P-12E,

being the usual two-body phase space in D dimensions. Taking into account
Eq. (9.21) and Eq. (9.23) we can express Eq. (9.22) as

< do ) ( do ) g2Cpu*=P / dP~'k 1
)= \ar. ) X s o \D-15,
dFQ dFQ 0 8m ‘E‘S(gs (27’(’) 2w
% [( p% Pg 2p2 - p3

pr K2 (s K2 (p2 B)(k ps))
(9.25)

where 1 denotes the renormalization scale. This gives us the factorized form of the
phase space we aimed for, which is valid in the soft limit |l§\ < ds.

However, we now have to isolate the infrared divergence of the remaining integration
over the D-momentum of the gluon. Thus, we focus on the following integral, which
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is a generic form of the appearing expressions in Eq. (9.25)

Iy = (a-b) Iy (9.26)
dP-1k 1 2

I, — A = 2

o= /mggs )P 12 (@ )b k) (9.27)

where a and b denote the D-momenta of the particles from which the gluon £ is
radiated off. This integral has been extensively studied in the literature, see e.g.
Refs. [194, 224], which we will follow for the subsequent derivation.

First, the integration over the D-momentum can be reformulated into an integration
over the gluon’s absolute momentum and the spatial angle 6

L. (D-2)/2 L. T
AP = [ k| |K]P2 [ dQp_s = 20— [ dlE| [E|P~2 [ dosinP3 0.
P(M)
9 0
(9.28)

In a second step we re-express the product of the scalar products. To this end, we
introduce the new momenta p and ¢ which are related to the momenta a and b as
follows

p=aa and ¢=0b with (p—q)*=0. (9.29)

The variable « is hereby fixed due to the condition (p — ¢)*> = 0 and has to fulfil

aao —

b—obo > 0. After reformulating the scalar products, we make use of the Feynman
parametrization and can write the denominator in dependence of P = g+ (p — ¢)x:

1
o o dxa

<a-k><b-k>:<p-k><q-k>:/od$[<q~k><1—x>+<p-k>x12:/o <P~(k:9>;'0)

Inserting Eq. (9.28) and Eq. (9.30) in Eq. (9.27) we arrive at the following expression

pA=D p(D=2)/2 s 1 1 1
Iy, =2« FI =Yy, / dk k:D_3/ (dcosf)sin”~* 0/ dx — :
2m)P=1 T(552) Jo -1 o k*(P°—|P|cosf)?

(9.31)

where we have taken into account the relation k& = |E| = kY = w which is valid
due to the light-like D-momentum of the gluon. This we can also use in order to
reformulate the scalar product P-k = k%(P°—|P| cos #)? in dependence of the angle
6. Considering all momenta k appearing in Eq. (9.31), we can extract the arising

142



9 Real Corrections

soft infrared divergence

8s 5§D—4) 5§D—4)
/Odkk:D5 1= o (9.32)

where D = 4 — 2¢. Using the relation of Eq. (9.32) we can further write

9 qD-2)/2 1 (D 4) D 4)/2
Iy = d 9.33
P YD 4 en P T(2R) / y/ |P|y) (9:33)

where we substituted the integration variable according to y = cos 6. In comparison
to Eq. (9.31) we rearranged the prefactors in such a way that we can expand them
easily up to orders O(e). After the expansion of all terms depending on € and the
multiplication with the infrared pole —1/¢ we can write Eq. (9.33) as follows

———10g47r+7 +log loo(1 — 72
ab—om/ dx/ " + il _,y) ; (9.34)
— [Ply)? (PO —|Ply)?
where we applied the definition of the Euler-Mascheroni constant I'(1) = —yg.

Moreover, we split the integrand into two terms, which is useful for the remaining
integration over y. At this point, we do not want to go into too much detail as the
following integration is quite lengthy. For more details we refer to Refs. [194, 224].
The result is given by

1 462 PO P° — |P|
— 27T0z/ dr— ¢ — —logdn + v + log—= + —log | ——— , (9.35
b PQ{ ; ~logdm s tlog g g<PO+|P| (9-35)

where we have assumed that P° > |f_5 |2. Performing the very last integration over x

we arrive at our final expression for the integral I, which we need to finally calculate
Eq. (9.25).

) dra(ad) |1/ 1 462\ | (aa)?
Iy=——54=|——— In
(wa)? =0 |2\ ¢ w2 b?
1 P’ —|P P’ —|P P°+|P
e (2P o (- PP, (- 2R
4 PO+|P| a?a’—b a?a?—b
2(aa®—b9) 2(aa®—b0)

Hereby, we reintroduced again our starting variables a and b, see Eq. (9.29).

The special case of the integral I,2, where the D-momenta a and b are equal, can
be directly obtained from Eq. (9.34), as we do not need to perform a Feynman
parametrization and the additional integration over x in this case. Therefore, we

P=aa

P=b

(9.36)
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obtain the following expression

1 462 a° a® —|d

I, =2m {—g — logdm + vg + log? + ﬁln (W‘%D } : (9.37)
Finally, we have derived the integrals needed for calculating Eq. (9.25). Thus we are
able to explicitly isolate the soft divergence which arise due to the integration over
the gluon phase space, and managed to factorize this in dependence of the two-body
phase space of the corresponding tree level.
Fixing the kinematics of the processes in the centre of mass (CMS) system of the
incoming particles we can express the D-momenta of the participating particles as
follows

s (2,

P1 = 7 <%7"'7O70751) (938)
(28

b2 = 7 <%7"'70707_61) (939)

s (2FE .

p3 = % <733’ .., 0, Basin B, By cos@) (9.40)
_ Vs (2B
bs = \/g)'

2
where their energies and ;= » are given by

.y 0, = [ sin 6, — 35 cos 0) , (9.41)

El _ S + m% — m% E2 _ S + m% - m% 61 _ )‘1/2(S7m%7m%) (942)
2y/s 2./s s
E3 _ s+m§—mi E4 _ $+mz21_m§ 62 _ >‘1/2(87m§7m421)’ (943)

2V/s
with
Mz,y, 2) = 2* +y? + 22 — 22y — 202 — 2y (9.44)

being the so-called Kéillén function. With the above defined D-momenta, we can
express the studied real radiation diagrams in the soft limit with Eq. (9.36) and
Eq. (9.37).

The final expression for the considered real radiation diagrams in the soft limit is
given by

do\ do g2 Cr 7, , ,
(d—rz) = — (d—FQ)O T [ng(és) + 12 (05) = 21p2p3(58)] : (9.45)
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Soft divergences
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Figure 9.5: Overview (part I) of the soft diagrams of the real (left) and virtual part (right)
which cancel each other. Besides the colour factor, also the corresponding in-
frared divergent loop integrals are given.
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Soft divergences
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Figure 9.6: Overview (part II) of the soft diagrams of the real (left) and virtual part (right)
which cancel each other. Besides the colour factor, also the corresponding in-
frared divergent loop integrals are given.
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Conclusions. Having derived the soft limit of the necessary real radiation diagrams
in terms of the tree-level matrix element, we are able to cancel easily the correspond-
ing infrared divergences of the virtual and real corrections. This we have checked in
our DMONLO implementation diagram by diagram, and can guarantee infrared conver-
gence for all processes. Figs. 9.5 and 9.6 show the corresponding soft diagrams which
are cancelled between the real and virtual part. Additionally, the infrared divergent
loop diagrams are given.

Especially interesting is the last row in Fig. 9.6. It shows the only infrared divergent
vertex correction in case of a Higgs or electroweak vector boson in the final state. It
arises only in processes featuring an u-channel, and is thus absent for a photon in
the final state.

Another powerful check is the test concerning the cutoff independence. When per-
forming the real emission computation, the real radiation diagrams are evaluated
according to the soft gluon approximation until the cutoff d, (see Eq. (9.45)). For
values larger than the cutoff, the usual real radiation calculation as described in
Sec. 9.2 is performed. However, the whole calculation should be independent of the
cutoff in the end. The cutoff behaviour has been intensively studied such that we
can ensure cutoff independence for a reasonable cutoff range.

9.3.2 Processes with a Gluon in the Final State
Treatment of Soft and Collinear Divergences

Up to now we have only considered processes, where a gluon was radiated off a mas-
sive particle. However, in the case of a gluon in the final state, we have to consider
additionally gluon emission off a gluon. This gives rise not only to soft, but also
to collinear divergences, which have to be treated carefully. To this end, basically
two approaches exist to extend the phase space slicing algorithm to these purposes:
the one cutoff and the two cutoff method. A comparison of both is performed for
instance in Ref. [225], where it has been shown, that both methods agree within
their systematic and statistic errors.

In contrast to the two cutoff method, the single cutoff approach introduces only one
condition to distinguish between the finite and divergent part of the phase space.
The infrared divergent part of the phase space is defined as the region where the
final state particle ¢ and the emitted particle j are not longer resolvable. Thus, the
divergent region is defined by the requirement s;; = 2p;p; < Scu, With s.,; being a
small value. Further details on the one cutoff method can be found in Refs. [226,
227].

In this work, however, we follow the two-cutoff approach, introduced by Ref. [228].
According to Eq. (9.17) we can slice the phase space with an additional cutoff
parameter J. into three different regions: the soft (and eventually also collinear)
part, the hard and collinear region and the pure hard and non-collinear phase
space. Such, we can define the hard and collinear phase space region by requir-

147



9 Real Corrections

ing w > 9 A (1—cosb,,) < .. In contrast to the pure massive initial and final states
of the previous section, also the soft part w < §, can become collinear now. As the
introduced general integrals of the previous section (see Egs. (9.36) and (9.37)) do
not take into account collinear divergences and thus possible double poles, we have
to develop new expressions for the correct treatment of the soft and collinear case.
Hereby, we follow the procedure of the two-cutoff method described in Ref. [228].

Soft and collinear. First, we start with the treatment of the processes which can
become soft and collinear in the soft limit of the phase space w < 5. Such behaviour
occurs when a diagram with gluon emission from a final state gluon interferes with
real radiation from an initial state squark or a final state quark, respectively. The
corresponding diagrams are depicted in Fig. 9.3. Similar to the previous case, we
can perform also for the non-abelian cases an eikonal approximation, which has
been shown in detail in Refs. [229-231]. Thus, we arrive at

9 _ s, —Cal|  2pp-ps  2p3-ps
M = D IMof*x — [ D IR

spin

Due to the soft gluon approximation k* — 0, the 3-body phase space dI's (cf.
Eq. (9.22)) factorizes in terms of the 2-body phase space I's, such that we can
write in D dimensions

dP1k dk kP2
= dF27 = ngi d91 SiIlDi3 91 d¢92 Sil’lD74 92 QD747

dr
3o (2m)P—12u (2m)P-12k
(9.47)

with 6, being the polar and 6y the azimuthal angle. The solid angle 2p_4 can be
rewritten according to

q, 2z 2 l(l-¢) (9.48)
PHTT(BS) T m2Er(l - 2) '

2

such that Eq. (9.47) can be reformulated

(1 -
_ar, L1 =9)

dr?’}soft (2m)3 T(1 — 2¢)

dkkP=3 df, sin® 3 6, df, sin”~* 6,. (9.49)

The corresponding differential cross section (do/dl'2) in terms of the differential
cross section of the tree-level (do/dl'y)p and the phase space integration over the
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emitted gluon D-momentum is obtained as

do do Gt P (1 —¢) [ . [T . D3
W (42 o dkk do 0
(sz) (dF2)0 “8m T(1—2¢) /0 /0 S

T . pan—Ca 2p2 - P4 2p3 - pa
X df, sin? %0 [— —
/0 ? 22 | (- K)pa-k)  (ps-k)(pa- k)
(9.50)

with C4 being the color factor. Up to corrections of O(ds) we can express the D-
momentum of the emitted gluon in the CMS-system of the incoming particles as

k=k(1,...,0,sin0; sin sy, sin 0 cos Oy, cos b;) . (9.51)

Thus, we get for the necessary scalar products of Eq. (9.50) the following expressions

5 B (2 e 032

2F

(p3s- k) = %\/gxmk = kT\/E (7; — B sin 0 sin 0y cos Oy — Py cos 6 cos 01) (9.53)
k k 2F

(ps- k) = %xmk = % (74 + [ sin 6 sin 61 cos O + By cos b cos 91) , (9.54)
s

where we introduced the short-hand notation z,,; for the terms that are independent
of the radiated gluon’s energy. Bringing everything together we end up with

do do PO AP T —e) [ o [
ry) ~ ¢ dkk a6, sinP— ¢
(dTQ) <dF2>O T T(1— 2¢) /0 /0 1 sin 1

X /ﬂdHQSinD‘*eQ[ Umz—t) _ _As—mj) } (9.55)

T 12 T 12
0 k?S Tpok Tpyk KPS Tpgk Tpyk

With a little trick we can now re-express the second term of the scalar products
which will be helpful for the final integration in the next step.

do do PO P T =)l [P o [T
ar, ) ~ \ar, 8 = | dkk a0 3
<df‘2> (dT2)0 T T(1—25) s /0 /0 1 sin 1

o [t [_4<m§—t>_2<s—m§> 2<s—m§>}

xmk xp4k xpg,k‘ xp4k‘

(9.56)

0
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Furthermore, we can identify the soft divergence arising from the integration over
the energy of the emitted gluon

8s 5§D—4) 5§D—4)
/0 dk k:D*5:D_4:— e (9.57)

Having been able to isolate the first infrared divergence, we now have to extract
the second, collinear divergence, which is hidden within the integration over both
angles, the polar angle ¢;, and the azimuthal 6. In the following we use again the
definition D = 4 — 2¢. The remaining integration can be expressed in the following
generic form

x o ™ o + bcos 91)_1
I(l’m) _ / do 1—2¢ 0 / do 2e 4 (CL 9.58
: ; 18I 1 . 2510 2(A+ Bcos by + C'sin 6 cos fg)™’ ( )

where one factor depends on both, 6, and 65, the other, however, only on the polar
angle ;. Thanks to our little trick in Eq. (9.56) we achieved also for the second
summand of Eq. (9.55) this parametrization.

These kind of integrals are well known and tabulated in dedicated literature [226,
232-234]. For our cases we need two different cases. The first one Ie(o’l)(xmk) can be

expressed only in terms of one of the two factors of Eq. (9.58) with the coefficients
fulfilling the condition A% # B? + C? and is taken from [234]

I = Y+4ez
T A+ VB% 4 C?
In (9.59)
A— B2+ (C?
, 2V B2 + C? 1 ,A+vB2+4+(C? 9
Li, +—1In +0(e%) ¢ .
A+vB?+C? 4 A—-VB?>+(C?

For later use, we introduce a short-hand notation. The variable Y denotes the term
independent of ¢, the parameter Z indicates the expression linear in . As we can
see, no divergence is caused by this integral.

The other two cases IS’”(xmk Tp,r) and Iél’l)(xmk) fulfil the conditions a? # b* and
A? = B? 4+ C2. As we expect the occurrence of a double pole in our final solution,
we have to take into account all terms up to O(e). However, as this is not given
in the usual literature, we take a similar integral of Ref. [235] and recalculated on

+ 2¢
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permutation relations the needed case. Thus, we end up with

1
IO = “X 4+ Y 47
€
1 1 (aA — bB)? o [(a—D)A 1. 5(a+D
—4+In—-7-7=F —€|l — ] — =1 —
aA—bB{ T e ) 5{“ Aa—B) 2" \a=s
. (b(B—A) . (—b(A+ B) 2
2L —2Lip | ————= ) .60
+oniy (5720 — o (SN | o (9.60)
Again, the parameter Y denotes the summand that is independent of e, whereas
the summand Z is linearly dependent. The term which give rise to a divergence,
however, is indicated by X. Comparing now the coefficients A, B, C,a,b and their

indices I, m with the corresponding coefficients of the scalar products of Eq. (9.54)
we can make the following identifications:

First term Ig(l’l)(xmk, $p4k)3

a = & —= @ = —Simg
Vs Vs E
b= 61 = 62 sin 6
= 1 = [ycosf
m= 1
a? +#Db? A?2= B?24+C?
Second term Ie(o’l)(xmk) ;
_ 2By stm3
= 2=
= —[ysinf
= —[(ycosf
m= 1
A2 7& B2 _'_ C2
. 1,1
Third term I )(:pmk) ; )
= _ 2B _sm}
a= 1 A= \/_4 =—0
b= 0 = [ysinf
l= 1 = [ycosf
m= 1
a2 ?é b2 A2 — B2 + C2

Finally, we end up with the following integrated expression:

() (&), e (=) (7)
dl'y dl'y ), 16m3s T'(1 —2¢) 2e ) \ 02
X [4(7”3 - t)[éLl)(xpzk xp4k‘> +2(s — mg)[é()’l)(xpsk)
+ 2(s — m3) I (2] - (9.61)
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Now all terms dependent on ¢ have to be expanded properly. They result from
the solid angle expression of Eq. (9.49), the integration of the gluon’s energy (cf.
Eq. (9.57)) and the angular integration (cf. Eq. (9.56) with Eqs. (9.59) and (9.60)).
Such we end up with the following relation

. 1 P\ e r(1—¢) (1
[,(Zvj): - R _— - —X Y Z =
. ( 25) (52> T(l_20) \e "1 7°¢
1 1 1

452
:—{——2X+—{—Y+<—ln47r+”m+ln ;)X]
2 € € 7

467
—Z+|—-lhndr+yp+In— |V
i

1 o2 05
+ Z |jT2 — 2(’)/E — 11171')2 —1In E (4’)/E +2In 7_{_2#2):| + O(E)} . (962)

Altogether, we arrive finally at the following expression in the soft limit

do do 95Ca
<d—13> - (d—B)O x 1673s [4(m§ B t)I;(l’l)(%ak Tp,k) + 2(s — m:%,)]é(o’l)(%sk)

+2(s — m3) I (@p)] (9.63)

which takes care for the arising soft and collinear divergences in the interference
terms of gluon emission off a final state gluon with the gluon emission off an initial
state squark or a final state quark, respectively. We can see that we get besides
single poles, also the expected double poles.

Fig. 9.7 shows schematically how the soft-collinear matrix elements of the virtual
and real contributions are connected. The above derived expression cancels the soft-
collinear divergences which arise in the box and vertex corrections containing two
internal gluons. The corresponding infrared divergent loop integrals are given addi-
tionally.

Hard and collinear. In the next step, we discuss the treatment of the processes
which give rise to single poles in the hard and collinear limit (w > d; A0 < s45 < 6,).
This is the case for all squared matrix elements containing gluon emission off a gluon
as well as for the matrix element involving the final state gluon splitting into two
massless quarks.

In the collinear limit, the leading pole approximation is valid and we can factorize
again the relevant 2 — 3 processes as a product of the tree-level and a factor
containing the single poles with logarithms of d, and J.. Terms of order .0, can be
neglected. To find the necessary expressions for the occurring processes we follow
closely the procedure of Ref. [228].

Fig. 9.8 shows an example process of a gluon that is emitted of the final state gluon.
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Soft-collinear divergences

Msf M;g
Mng;O
Mtg M;i
My M;g
-Ca/2 Co(m?,5,0,0,m,0)
Mng;\
Msi M;g
Mlg M;ﬂ
Msf M\'g
Co(m?,5,0,0,m%,0)
_CA/2 Do(mg?,m;%,m,?,0,t,5,0,m%,m,%,0)
Mng\.i gik 8 %
Mti M;g gi A g
— 5 ‘Z’h»%
70 q
Mlg M;\ q 8 ><
. Gik
Mg Myg ] <
TG m Co(m?,5,0,0,m?,0)
-CA/2 Do(ms?,m2,m,?,0,t,5,0,m2m,2,0)

Figure 9.7: Correspondence of real (left) and virtual (right) soft-collinear diagrams. These
processes arise only for a gluon in the final state. In the left column the oc-
curring colour factor is indicated, in the right column also the corresponding
infrared divergent loop integrals are given.
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Figure 9.8: Naming convention of momenta and mandelstam variables for the derivation
of the collinear approximation. The example diagram shows the radiation of a
gluon off the final state gluon, which give rise to a collinear divergence.

It defines the naming convention of the momenta for the derivation of the hard
and collinear approximation. In the collinear limit /;f < (zk)?, we can express the
outgoing momenta k; and ks in terms of their effective momentum ky5 = kg + ks +
O(k?) in the following way

]{Z45 = (]{Z, 0, O, k) (964)
kK2 -
]€4 ~ (Zk + ﬂ’ kt, Zk) (965)
k? ~
ks~ (1 —2)k+ ———, =k, (1 —2)k .66
5 (( Z) +2(1—Z)k37 tv( Z) ) ) (9 )

where Et indicates the transverse component of particle 4, and —Et for particle 5
in the centre-of-mass system. Hereby z denotes the momentum fraction of particle
k4 with respect to the merged D-momentum k45, and (1 — 2) the complementary
fraction of particle k5 in the direction of the z-axis. Their corresponding energies
result from a Taylor series in k7.

In the collinear limit, the relation ky5 = k4 + ks is valid, such that we can
write d? kg = dP~'k, assuming a fixed ks. Thus, the 3-body phase space in
D-dimensions can be written as

dD—1p3 dD_1k45 dD—lk5 E45

dr — 271)P§P) D — B )
oot (2m)P-12F, (zw)Dfle%( ) (P +p2 = ps = pas) (27)P-12F5 E,
(9.67)

where we have used a trick, and expanded the relation with Ey5/E,5. This allows us
to factorize the 3-body phase space differential into a 2-body phase space differential
and a factor carrying the integration over the gluon or light quark momentum that
give rise to an infrared divergence. With the short-hand notation for the 2-body
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phase space dI's, we obtain the short expression

dDilkfg, E45
dr =dly——r—+—. 9.68
3}0011 2 (2m)P-12E5 By ( )

With the momenta definition of Eq. (9.66) we obtain the mandelstam variable sy5
as follows

ki
z2(1—2)

In order to rewrite the integration over the D-momentum ks we make use of the
relation dk? = 2(1 — 2)dsys and dP~2ks = dkskP3dQp_3 such that we arrive at

S45 = 2]{Z4 . ]{Z5 >~ (969)

dDilk’5 Eys (47T)€F(]_ — 5) dz dsys
drl’y =

dry|, = ATy o = =
3 ot (2r)D-12E; E, 216m20(1 — 2¢) [s452(1 — 2))°

(9.70)

1—e
where we have used dQQp_z = I?ﬁj

After having achieved to reformula)te the 3-body phase space integration such that
it factorizes in the 2-body integration, the similar has to be obtained for the squared
matrix elements. This is accomplished by imposing collinear kinematics to the ex-
pressions of the squared 2 — 3 matrix elements which are proportional to the leading
collinear singularity. This method is called collinear or leading pole approrimation.
Due to the factorization theorem the squared matrix element can then be basically
written in terms of a leading order squared matrix element and an appropriate split-
ting kernel [236-239]. Finally, the squared 2 — 3 matrix elements can be written in
the collinear limit as

— — 2
Z‘M1+2a3+4+5‘2 = Z‘M1+2a3+4/\2p44’(27 g)gfﬂk 515 (9.71)
5

where P, j(z, ) denotes the unregulated (z < 1) splitting functions in D-dimensions
based on the usual Altarelli-Parisi splitting kernels [240]. These splitting functions
account for the probability that particle 7 is separated off a particle j.

Thus, the differential cross section can be written in the collinear limit (Ey5 >
ds N0 < s45 S 0.) as follows

do _ do " G2(4rp®)E T(1 —¢ / ds4?/ Pu(z,e) 5 (9.72)
dl’y dl'y / 8m2I'(1 — 2¢) S5 1 —2)
where we have considered Eq. (9.70) and Eq. (9.71). As the calculation has to be per-
formed in dimensional regularization, we need the corresponding splitting functions
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in D-dimensions. Due to the relation
Pij(z,e) = Py(z) + EPZ-I]»(Z), (9.73)

the unregulated D-dimensional splitting functions can be written in terms of the
usual splitting kernels in four dimensions. The relevant Altarelli-Parisi splitting func-
tions can be found in dedicated literature, for instance in Refs. [228, 240]. For the
cases studied in this work, we have to account for gluon emission off a gluon and
the splitting of a light quark off a gluon. Therefore we need the following splitting
kernels

Py(2)=2N | ——+ ! i Z (1 -2) Pl (2) =0 (9.74)
Py(x)= L[4 (1 2)] Pl)=—2(1-2), (9.75)

2

with N =3 and Cr = 4/3.

However, until now we have not considered the integration bounds for the integral
over the splitting kernels. As no soft divergence appear in case of the real emission
diagram containing a ¢ — ¢q splitting, the corresponding diagrams are hard over
the whole phase space. Therefore, the splitting functions are integrated over the full
region of 0 < z < 1.

This is in contrast to the case of a diagram involving a g — gg splitting. Here, also
soft divergences can occur such that one has to ensure that both external gluons
have to fulfil the hard condition

5y < Bys < V;”. (9.76)

In the rest frame of p; and p, the energy conservation relation (py +p2)? — 2ks - (p1 +
p2) = (p3 + pa)? can be reformulated to s;o — 2F5,/515 = s34 such that the energies
E4 and E5 can be expressed as

S12 — 534 and E, = S12 — 535 (9.77)

2,/512 2512

where similar follows for particle 4. Putting Eq. (9.77) in the hard condition of
Eq. (9.76) and assuming the approximations

Es =

s12 = (D3 + kus)? =~ m3 + 2ps - kus

31 = (p3 + ka)® = m3 + 2p3 - ka = mj + 2(2ps - kas) = mj + 2(s12 — m3)

s35 = (D3 + ks)? =m3 4+ 2ps - ks =~ m3 + (1 — 2)(2ps - kus) = m3 + (1 — 2)(s12 — m3)
(9.78)
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the final integrations bounds are obtained

o z2<1— _ % : (9.79)

V812 \/? 512 \/?

Now we can expand all remaining factors of Eq. (9.72) that dependent on ¢, and
identify the collinear divergence

é
“d 1
/ e (——) 5. (9.80)
0 S5 €

When now the integration is performed according to the bounds which we have
derived above, we obtain the final expression for the differential cross section in the
collinear limit

do do g2 1 -
) = 2= s Z 4 ndr— 1 2 A999 4 A9—9@
() = (), s [ (2 #mim e i) Gt )

+ (A9 + AJ) } : (9.81)

The parameters A;_O)j * result from the integration over the splitting functions and
are given by

Ag—)gg =N |:E + 1n45f — 21n( S12 — m% ):| (982)
6 vV S12
67 w2 m2 \2
Agﬁgg — N [E — ? — (ln 253 — hl( S12 — SiQ))
11 m2
—Ind, | — +1n46? —21 S 9.83
n (6 + In4o; n(y/s12 *S1z)>] ( )
_ n
Ag—aa — T .84
. (9.84)
5)
Ag_’qq Ind, — = .85
5 {n 3} (9.85)

where N = 3 and ny indicates the number of flavours. In our considered case we
take ny = 4, to cancel exactly the divergence which arise from the gluon self energy
containing the four light quarks.

In Fig. 9.9 we show the corresponding matrix elements which cancel each other in
the hard-collinear limit. The squared amplitude where a gluon is emitted off a gluon,
cancels the divergent contributions, which arise due to a gluon and a ghost loop
within the gluon wave function renormalization constant. The squared amplitude
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Hard-collinear divergences

MegMzg g n
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Figure 9.9: Correspondence of real (left) and virtual (right) hard-collinear diagrams. These
processes arise only for a gluon in the final state. In the left column the occur-
ring colour factor is indicated, in the right column the corresponding infrared
divergent loop integrals are also given.

of emitted ny light squarks is cancelled by the light quark loop of the gluon wave
function renormalization constant.

9.3.3 Processes with a Photon in the Final State
Additional Soft Divergence

So far we have only addressed cases, where the infrared divergences were caused by
the radiating gluon. However, in case of real emission of a gluon off a process with
a photon in the final state Y — tvg, also the photon can become soft in certain
regions of phase space. As this would lead to numerical instabilities, we have to
carefully treat the possibility of such a soft photon. Thus, we introduce similar to
the treatment of a soft gluon (see Sec. 9.3.1) another cutoff and subtract the soft
parts. We can formulate the soft photon expression similar to the terms we have
already derived

do do g, / :
(d—Fz) - <d—F2>O * 167 [[p%<5s> +15(ds) — 21p2p3(5s)] , (9.86)
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where e denotes the electric charge and ¢ the charge of interacting particle. In our
studied case a photon that can become soft is radiated off a stop or a top such that
we have ¢ = 2/3. The integrals I/, are given in Egs. (9.36) and (9.37).

As we address in our work only corrections of O(ay), the artificially introduced
cutoff dependence cannot vanish. For a cutoff independent formulation one would
have to take into account also elctroweak corrections, which is beyond the scope of
this work. As the photon final state in general contributes marginally to the total
coannihilation cross section in the studied scenarios (cf. Sec. 6.3), the error caused
due to this kind of treatment is negligible.

9.3.4 Alternative Approach: Subtraction Methods

Besides phase space slicing, another well established approach to treat infrared di-
vergences exists in literature: the so-called subtraction method. In contrast to phase
space slicing, the subtraction method does not depend on any cutoff parameters, but
introduces similar to the ansatz of the UV-treatment a kind of counterterm. An often
used approach is the Catani-Seymour dipole subtraction method, see e.g. Refs. [241,
242]. When applying this method, one can write the full finite cross section as follows

oxto = /m 0"y (@) ¢ /m {dav+ /1 dgA] e

where dof indicates the partial cross section arising from the real contributions in
2 — 3 phase space, and do" denotes the virtual contributions in 2 — 2 phase
space. In order to regularize the arising infrared divergences, an auxiliary partial
cross section do? is introduced. It is a local counterterm of do® in D dimensions
and cancels pointwise its singular behaviour. Hereby, the auxiliary term do? has to
be chosen in such a way that at the same time also an analytical integration over
the one-particle phase space in D dimensions is possible. This ensures that this term
also cancels locally the infrared divergences arising from the virtual corrections and
makes an integration in D = 4 possible.

For deriving the local counterterm do* a special factorization formula is used, which
is called dipole factorization, and gives this method its name. In a symbolic notation
it can be written as

do* = > do® @ dViipoe, (9.88)

dipoles

where do? indicates a process dependent term which implies spin and color informa-
tion. The expression d V.., however, is the process independent dipole factor which
takes care for the infrared behaviour and can be calculated generally for generic cases.
Both is summed in spin and color and convoluted over the phase space, which is
denoted by the symbol ®.
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Whereas first only massless initial and final state particles have been considered for
deriving the dipoles [241, 242], it has been extended to the case of massive particles
and also to some specific configurations of supersymmetric particles in the initial or
final state [243-245].

In a follow-up work, we plan to treat the infrared divergences also by using the
Catani-Seymour approach. However, because of expected analytical subtleties we
have focused first on the phase space slicing method. Having implemented both in
the DM@ONLO code, this will offer us an interesting possibility to compare the capability
of both, the dipole subtraction method and the phase space slicing procedure. More-
over, it provides an additional powerful possibility of cross-checking. Considering
previous comparisons of both approaches, for instance those performed in Ref. [246],
we expect a more efficient and accurate behaviour when using the dipole subtraction
method.

For completeness also other subtraction methods should be mentioned. Frequently
used methods are for example the so-called antenna subtraction (see e.g. Refs. [247—
249]), which uses a generalization of the Catani-Seymour dipole functions, or the
Frizione-Kunszt-Signer subtraction (FKS) (see e.g. Refs. [238, 250]).

0.4 Intermediate On-shell States

Another subtlety can appear when calculating real emission contributions. In two of
the real radiation diagrams of Fig. 9.2 and Fig. 9.3 intermediate on-shell states can
occur. Fig. 9.10 shows the relevant cases.

When a gluon is radiated off an initial state stop (left diagram) or the propagating
top quark (right diagram) in the s-channel diagram of the Wb final state, the internal
top propagator can become on-shell. This leads to an extra unphysical enhancement
of these processes. With m; > my + myy, such an enhancement can arise as soon as
/s > my is fulfilled and the radiating gluon carries enough energy.

When considering Fig. 9.10, one can see that these states can also be understood

Figure 9.10: Real gluon emission off the initial state squark (left) or the propagating quark
(right) with a Wb final state. In these two cases the internal top propagator
can become on-shell, as indicated by a double line.

as the corresponding tree level process Yt — tg, where the top decays further
t — bW, However, the corresponding tree level process has been already accounted
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for in the calculation of the leading order processes. Considering that this process
can arise from these two different sources, the LO process which decays further and
the NLO contribution with an on-shell top, this would result in double counting.
As for the intermediate on-shell states huge cross sections are expected for the real
emission contributions, also the prediction of the neutralino relic density would be
distorted, such that we cannot neglect this problem and have to treat it carefully.
Different approaches exist in literature to treat this problem. One possible method
is a kind of slicing method, where the phase space region in which the top could
become on-shell is cut away [251]. Requiring | M+ — my| > § I'p with My, being
the invariant mass of the bottom quark and the W-boson, I'y the width of the top
quark and 0 a regulator, the relevant phase space where the top can become on-
shell, is excluded. However, this approach is not independent of the chosen cutoff
and also interference terms with diagrams without any intermediate on-shell states
are neglected.

A second approach is the diagram removal (DR-I) scheme [252]. If one distinguishes
the matrix elements between these contributions which can become resonant M,
and those which are non-resonant (remnant) M,.,,, the full matrix element can be
written as

M = | Mipes|? + 2Re(M?, Moerm) + [Moem|* (9.89)

res

In the diagram removal method the resonant matrix element M,.., is set to zero. This
means that also interference terms with non-resonant contributions are neglected. As
these terms can become sizeable, this can cause uncertainties and is thus a disad-
vantage of this method.

Therefore a second kind of diagram removal (DR-II) has been introduced, where only
the squared resonant matrix element |M,.4|? is set to zero. In this case interference
terms are retained [253]. Both diagram removal methods have in common that they
break gauge invariance and lead thus to arbitrary results, as it is not guaranteed
that the neglected contributions are small [254].

Another possibility is the so-called local on-shell subtraction (DS), which retains
gauge invariance and keeps also the interference terms of resonant and non-resonant
contributions. As firstly introduced in Ref. [255], it is also called the PROSPINO-
approach and is quite frequently used until today (cf. Refs. [254-257]). Due to its
obvious advantages we apply it also in our case.

Within this approach, the problematic propagator is regularized by substituting for
a Breit-Wigner propagator in the amplitudes of the two resonant diagrams

1 1
p? — m? p2 —m? +iml

(9.90)

with a finite width I". However, the width has not to be the physical width of the
propagator particle. It is sufficient to introduce a small mathematical regulator to
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9 Real Corrections

stabilize the integration as the calculation will not depend on it.
In order to solve the problem regarding double counting, a kind of counterterm
(] M2%812) is introduced.

Tes

|-/\/l|2 = |Mres|2 - |-/\/ISUb|2 + 2R6(M:68M7’6m) + |M7”€m|2' (991)

res

This counterterm is defined as

‘2 — m%F?

Msub
| 7 — 2 T

Tes

2
Mioesl?a_ - (9.92)

The 2 — 3-matrix element, which is set exactly on-shell, is multiplied with a Breit-
Wigner distribution, with the momentum p; not being fixed on-shell. When the
top-quark gets on-shell, the subtraction term is equal to the full 2 — 3 matrix
element, while it decreases as a Breit-Wigner distribution when the top moves away
from its pole.

Thus we managed to remove locally the resonant terms, but retain at the same time
possible interference terms, which can give rise to significant contributions.

We have checked that the total cross section after subtraction is independent of the
top width.
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10 Impact of the One-Loop Corrections

Having implemented the full one-loop calculation in the DM@NLO code, a precise
analysis of the impact of these corrections on the cross section and the neutralino
relic density is possible. To do so, we study the effect of the corrections based on
the scenarios introduced in Sec. 6.3. As they feature different dominant final states,
it allows us to discuss several interesting aspects of the phenomenology.

In the following, the main focus lies on the discussion of the corrections involving
a Higgs boson, additionally, key features of the electroweak vector bosons are ad-
dressed.!

10.1 Impact on the Total Cross Section

Before discussing the effect of the supersymmetric QCD corrections on the neutralino
relic density, we investigate the direct impact of the one-loop calculation on the total
coannihilation cross section.

To get an idea of the interplay of the different calculated loop corrections, Fig. 10.1
shows a break down of the total next-to-leading order correction (without the tree-
level) into individual UV-finite contributions. This overview is shown for the two
processes X1t; — th® (Scenario I) and Y, — tZ° (Scenario II). The contributions
arising from the virtual part of the calculation including propagators, vertices and
boxes, as well as the real contribution is depicted. Although each individual contribu-
tion is UV-finite due to the renormalization procedure, the vertex, box and the real
part still contain IR-divergent expressions. This leads to a certain ambiguity in their
exact definition. Each contribution contains an uncancelled pole together with an
uncancelled logarithm of the large factorization scale. Within the calculation these
relics of the infrared treatment are absorbed by the real part, which consists of the
soft part calculated by using the eikonal approximation and the hard radiation. Due
to the large logarithms, the box contribution gets artificially large and leads to a
negative correction of the real emission part in order to ensure a complete absorp-
tion. Therefore, no quantitative statement on these corrections is possible. However,
we are able to make a qualitative comparison between the corrections of both final
states depicted in Fig. 10.1.

For the Higgs final state, the contributions of the propagator and the box is enhanced

L As a last numerical cross-check regarding the soft-collinear contributing diagrams of the gluon
final state could not been finalized until the thesis was to be finished, we take into account only
the Higgs and electroweak vector bosons for the subsequent study.
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Figure 10.1: Absolute contribution of the different corrections to the total next-to-leading
order correction for the case of coannihilation into th® (Scenario I) and into
tZ° (Scenario IT). The tree-level contribution is not contained in o™°. The
grey area indicates the thermal distribution (in arbitrary units).

in contrast to the Z-boson final state. This is caused by the significant contribution
of the t-channel exchange in case of a Higgs boson in the final state, which driven
by the large trilinear coupling. The t-channel diagram receives a correction to the
stop propagator and the box diagram where a gluon is exchanged between the final
state quark and the initial state squark. This leads to enhanced box and propagator
corrections, and lead to a large overall NLO correction in the case of coannihilation
with a Higgs boson in the final state.

After studying the individual contributions of the one-loop corrected result, we focus
now on the quantitative correction to the cross section. To this end, Fig. 10.2 shows
for different final states of each scenario the impact of the full next-to-leading order
calculation. The total cross section is depicted in dependence of the center-of-mass
momentum for the effective tree-level computation of MicrOMEGAs (orange solid line),
the tree-level calculation as implemented in DM@NLO (black dashed line), and the full
one-loop result (blue solid line). The grey shape, which gives the thermal distribu-
tion in arbitrary units according to Eq. (4.28), allows one to estimate the range of
center-of-mass momentum which is relevant for the relic density calculation. The
lower panel of each plot depicts the ratio of the aforementioned cross sections.

The upper left subfigure of Fig. 10.2 shows the results for the process Y%, — th°
of Scenario I. We clearly see that both tree-level computations, the one performed
by MicrOMEGAs and the one computed by our DMGNLO implementation are in per-
fect agreement. Furthermore, the full one-loop contribution is depicted. Through
the SUSY-QCD corrections the cross section is enhanced by about 30 %. This is
caused by the large contribution from the box diagrams and propagator corrections
as discussed before.
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Figure 10.2: Tree-level (black dashed line), full one-loop (blue solid line) and MicrOMEGAs
(orange solid line) cross sections for selected coannihilation channels of the
scenarios of Tab. 6.2. The upper part of each plot shows the absolute value of
ov and the thermal distribution (grey, in arbitrary units), whereas the lower
part shows the corresponding relative shifts (second item in the legend).
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10 Impact of the One-Loop Corrections

Similar behaviour is observed for Scenario III, where the final state with a heavy
Higgs boson H° plays an important role. The same explanation as for the lightest
Higgs final state accounts here. For this case, the one-loop cross section lies about
18 — 20 % above the tree-level contribution. Both tree-level calculations, the one im-
plemented in DM@NLO and the one of MicrOMEGAs are again in very good agreement
to each other.

Those observations are in contrast to the results shown for the processes xt; — tZ°
and Y%, — bW* of Scenario II. In these scenarios, a significant shift of about 10 %
between the two tree-level calculations is visible. However, this behaviour is well
understood, and arises due to our choice of the renormalization scheme. It is caused
by the different definition of the squark mixing angels, which enter the calculation
through different interactions between squarks and quarks. The processes containing
a Higgs in the final state are dominated by the ¢t-channel diagram. In this diagram
two of these interactions appear. The mixing angle 6; enters the neutralino-squark-
quark vertex as well as the squark-squark-Higgs coupling. As the internal propagator
has to be summed over the two possible squark mass eigenstates, ; and £, the result
gets less sensitive to the exact value of the mixing angle. This is in contrast to the
diagram with a Z%boson in the final state, where the s-channel dominates the cross
section. In this case, only the neutralino-squark-quark vertex contains an interaction
between squarks and quarks, and the squark eigenstate is fixed due to the initial
state quark. Therefore, the processes with an electroweak vector boson in the final
state are much more sensitive than the diagrams containing a Higgs boson.

We have checked this behaviour numerically and are able to recover the original
MicrOMEGAs tree-level value by changing our definition of the mixing angels. An
additional flag is implemented for changing between these two definitions, which
enables an easy comparison of the tree-level cross section calculated by MicrOMEGAs
and DMONLO.

10.2 Impact on the Neutralino Relic Density

After having discussed the impact of the calculated one-loop corrections on the cross
section for specific processes, we concentrate now on their impact on the neutralino
relic density. As the three different scenarios, introduced in Sec. 6.3, feature different
dominant and subdominant final states, we are able to investigate the interplay of
their individual one-loop corrections.

First, we discuss the change of the relic density Qcpy h? when a single input pa-
rameter is varied. In Fig. 10.3 this is studied for Scenario I by varying the bino
mass parameter M; (left panel), and the trilinear coupling 7; (right panel), respec-
tively. Again, the same colour code is used as in the previous figures: The default
MicrOMEGAs tree level is depicted as an orange solid line, the DMONLO tree level
as a black dashed line, and our full one-loop corrected result as blue solid line. A
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Figure 10.3: The neutralino relic density Qcparh? as a function of Mj (left) and T (right)
calculated by using different coannihilation cross sections: default MicrOMEGAs
(orange solid line), and DMONLO tree level (black dashed line), as well as the
full one loop (blue solid line). The grey band indicates the PLANCK favoured
range of the relic density according to Eq. (3.12). The lower part shows the
relative impact of the one-loop correction on the relic density compared to
the tree-level calculation.

grey band shows the PLANCK favoured range of the neutralino relic density (cf.
Eq. (3.12)).

The left subfigure shows that the relic density is highly sensitive to variations in the
bino mass parameter. This is due to reasons which have been already discussed in
Sec. 6.1. By tuning M; to higher values, the mass gap between the lightest neutralino
and the stop becomes smaller and thus stop-stop annihilation is enhanced. Due to
the large cross section of stop-stop annihilation, this leads to a significant smaller
value for the relic density, which is not any longer in agreement with the range
favoured by PLANCK. However, when the value of M; decreases, the mass gap gets
enlarged. Thus, neutralino-stop coannihilation and stop-stop annihilation gets much
less important in favour of neutralino-neutralino annihilation. As the latter features
a quite small cross section, the predicted relic density becomes quickly too large.
The left subfigure of Fig. 10.3 allows us also to make a quantitative comparison
of the differently calculated relic density predictions. Our tree level result is very
well in agreement with the relic density computed by MicrOMEGAs. However, within
the PLANCK favoured range a significant shift is visible between the relic density
calculated by default MicrOMEGAs and the one computed by using our full next-to-
leading order correction.

In the lower part of the plot, the ratios of the differently evaluated relic density are
depicted. In blue the ratio of the full NLO calculation and the tree-level calculation
is shown. The SUSY-QCD corrections result in a relative correction of around 9 %
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to the relic density evaluated on the basis of the tree level cross section. For Scenario
I, this can be explained due to the dominance of the lightest Higgs in the final state,
which contributes around 38.5 % (cf. Tab. 6.3) to the total (co)annihilation cross
section with a corresponding correction of around 30% (cf. Fig. 10.2).

A similar plot is given in the right subfigure of Fig. 10.3. Here, the trilinear coupling
parameter is slightly varied around the input value of Scenario I, T, = 1806.5 GeV.
Higher values for T} enlarge the stop mass splitting, which results in a smaller mass
gap for a fixed neutralino mass and thus leads to enhanced stop-stop annihilation.
Smaller values for T; reduce the mass splitting such that neutralino annihilation is
dominant. The observed shift of the predicted relic density corresponds roughly to
a shift of 3 GeV in the trilinear coupling parameter.

For an even better estimate of the impact of the loop corrections, a closer look
to the parameter space is interesting. Therefore, we performed for each scenario
2-dimensional scans in dependence of the third generation squark mass parameter
Mj, and the bino mass parameter M; (left column) as well as in dependence of
the trilinear coupling parameter 7, and the bino parameter M; (right column). The
corresponding plots are depicted in Fig. 10.4.

In all subfigures the PLANCK-favoured region of parameter space within an 1o inter-
val is marked as a band. In orange we show the cosmologically favoured region based
on the default MicrOMEGAs calculation, in blue based on our full one-loop calcula-
tion. A clear separation of the two bands is visible for all scenarios, which indicates
that the resulting corrections are larger than the current experimental uncertainties.
Therefore, they have to be considered in order to obtain realistic estimations on the
cosmologically favoured region of parameter space.

First, we concentrate on the plots of Fig. 10.4 with respect to Scenario I. For this
scenario, the separation of the two relic density bands is most significant. This is
due to the clear dominance of the process with the lightest Higgs in the final state
which contributes with 38.5 % to the total cross section. As already discussed be-
fore, it achieves corrections up to 9 % and thus leads to a significant shift of the
cosmologically favoured region of parameter space. In black lines the relative impact
of the one-loop corrections for the whole (Mg,, M) plane is shown. With greater
distance from the relic density bands, also the impact of the studied corrections
decrease. This is due to less contribution of neutralino-stop processes to the total
cross section, which are the only processes we correct within this analysis.

It also attracts attention that the PLANCK-favoured band follows a straight line in
the (M;,Mg,) plane, which corresponds to a constant mass difference between the
lightest neutralino and the lightest stop of about 40 GeV. Above the cosmologically
allowed band the neutralino becomes heavier and the mass difference decreases. As
a consequence, stop-stop annihilation becomes dominant. As stop-stop annihilation
has typically a significantly higher cross section than the coannihilation processes,
this leads to a too small neutralino relic density. For large values of M; (grey area in
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10 Impact of the One-Loop Corrections

the upper left corner) the stop becomes the lightest supersymmetric particle. This
particle, however, is disfavoured as dark matter candidate because it carries electric
and colour charge. Below the cosmologically allowed band, the mass difference gets
larger and thus the neutralino-stop and stop-stop (co)annihilation becomes more
and more Boltzmann suppressed. The neutralino annihilation, which has a lower
cross section, becomes now dominant, which results in a too large relic density. The
relative contribution of neutralino-stop coannihilation is depicted in shades of green.
On the right hand side of Fig. 10.4, the (7}, M;) plane is shown. Again, a clear sepa-
ration of the two relic density bands is visible, together with a moderate dependence
on the trilinear coupling parameter T; (see discussion of Fig. 10.3). In different green
colours the mass difference between the lightest and next-to-lightest supersymmetric
particle is depicted. It confirms the statement that the PLANCK-favoured region
follows a line of a constant mass difference of around 40 — 45 GeV.

We can conclude that the impact of the studied one-loop corrections on the dark mat-
ter relic density is larger than the current experimental uncertainties by PLANCK.
In the second row we show the similar 2-dimensional plots for Scenario II, in which in
particular two processes dominate the cross section, namely the ¢ A° final state with
24.6 % and the t Z° final state with 10.7 %. Whereas the Higgs final state receives
large corrections, the correction to the process involving a Z-boson is quite small
(cf. Fig. 10.2). Combining both processes, the correction of the total cross section
is not as large as for Scenario I. This is due to a smaller contribution of the Higgs
final state, and the much smaller correction of the ¢ Z° final state (in comparison to
MicrOMEGAs the correction of the ¢ Z final state even differs in sign with respect to
the corrections obtained for the other final states). Therefore, the loop corrections
for Scenario II result only in a correction of about 5 — 6 %. The PLANCK favoured
relic density bands obtained by using the default MicrOMEGAs (orange) and our full
one-loop corrections (blue) are not as significantly separated as for Scenario I.
Another interesting feature of Scenario II is visible in the left subfigure. For this sce-
nario, the preferred PLANCK region lies outside the area of maximal contribution
of neutralino-stop coannihilation. This effect arises from the importance of the coan-
nihilation process involving a Z-boson. With the process YV, — t Z° featuring a
lower cross section, neutralino-stop coannihilation is not sufficient any more in order
to achieve a total (co)annihilation cross section that results in a relic density which
is in agreement with the PLANCK measurements. Thus, in this parameter region,
stop-stop annihilation is needed to obtain the right value for the dark matter relic
density. It is striking for Scenario II that coannihilation dominates for a comparable
large mass difference between the stop and the lightest neutralino of about 70 GeV.
However, this can be explained by having a closer look at Tab. 6.2. In comparison
to the two other scenarios, the masses of the lightest neutralino and stop are much
heavier. As the freeze-out temperature is proportional to the mass of the dark mat-
ter particle Tp = m,xp with xp ~ 27, an increased neutralino mass leads also to
an increased freeze-out temperature. This results in weaker Boltzmann suppression
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in this scenario (cf. 4.21) such that the same suppression which is achieved for a
mass difference of 40 — 45 GeV in Scenario I, is obtained for a larger mass splitting
of 70 GeV in Scenario II. Thus, neutralino-stop coannihilation is also possible for
larger mass differences between the LSP and NLSP.

Finally, we study further the phenomenology of Scenario I1I, where the light CP-even
Higgs boson dominates the neutralino-stop coannihilation with 20.7 %, followed by
the process involving the lightest neutral Higgs boson with 14.2 %. As depicted in
Fig. 10.2, the correction on neutralino-stop coannihilation with a CP-even Higgs
boson in the final state accounts for 20 % to the cross section. This is not as large
as for the process with the lightest neutral Higgs boson in the final state. Thus, the
effect on the relic density is consequently smaller than for Scenario I. Nevertheless,
an overall impact of 5 — 6 % to the relic density is reached. This leads also in this
scenario to a separation of the PLANCK favoured relic density band calculated by
micrOMEGAs and the one calculated with the full one-loop SUSY-QCD corrections.
Although the mass difference between the LSP and NLSP seems to be quite large
with 55 GeV in this scenario, this is in perfect agreement with the other scenarios. As
discussed above, the important key parameter is the value of AM = (mj, —my,)/my,
(see discussion in Sec.6.1), which is with AM = 0.18 in a similar ball park as Scenario
I with AM = 0.14, for instance.

Conclusions. We have studied the impact of the supersymmetric QCD corrections
on the (co)annihilation cross section as well as on the neutralino relic density. A
clear separation of the cosmologically preferred region by PLANCK is visible. Thus,
the one-loop corrections exceed the experimental uncertainties and are important
to be taken into account in order to obtain a realistic estimation on the favoured
regions of parameter space.

As the corrections will be publicly available within the package DMONLO, it can be
used in order to improve studies of parameter space and global fits.
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11 Conclusions

Although the Standard Model of particle physics has demonstrated its success dur-
ing the last decades, it has several shortcomings. For instance, it does not provide
a particle which can account for the main component of dark matter. Therefore,
we have discussed several dark matter candidates which could extend the Standard
Model of particle physics. One example on which we have focused in this thesis is
the MSSM with conserved R-parity. It provides naturally a good cold dark matter
candidate, the lightest neutralino.

Due to measurements of the cosmic microwave background by WMAP and the
Planck satellite, the value of the dark matter relic density is very precisely deter-
mined. We have studied in detail the derivation of the relic density calculation.
One significant quantity which enters directly the theoretical prediction of the relic
density is the cross section of annihilation and coannihilation processes. Besides
neutralino pair annihilation, also coannihilation of the neutralino and the next-to-
lightest supersymmetric particle can contribute significantly, when both particles are
almost mass degenerate.

Based on an example scenario we have intensively studied the interplay between
neutralino-pair annihilation, neutralino-stop coannihilation and stop-stop annihila-
tion with respect to their impact on the relic density. We have demonstrated that
besides neutralino-neutralino annihilation, neutralino-stop coannihilation is one im-
portant process in order to not overclose the universe. Thus, it should not be ne-
glected for a precise computation of the relic density. Moreover, it has been shown
that also in the context of the discovery of a 125 GeV Higgs boson neutralino-stop
coannihilation is phenomenologically very well motivated.

In order to study the phenomenology of neutralino-stop coannihilation further, we
have performed an extensive parameter study. We have been able to show that
neutralino-stop coannihilation contributes significantly to the total coannihilation
cross section, especially regarding the process with a lightest Higgs boson in the
final state. Due to the demonstrated phenomenological importance we have per-
formed the full supersymmetric next-to-leading order QCD corrections to neutralino-
squark coannihilation. We have presented details of our calculation, and described
our DR/on-shell renormalization scheme. It has been chosen in order to ensure a stable
calculation for wide regions of parameter space, also with respect to neutralino-pair
annihilation. Further, we have discussed the treatment of the occurring infrared di-
vergences. We have shown in detail the performed phase space slicing method, which
has been used to isolate soft and collinear divergences. We have derived the neces-
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sary terms for the cancellation of soft divergences in case of massive final states and
have introduced the two-cutoff approach for a gluon in the final state. Further, we
have pointed out the special treatment of intermediate on-shell states in case of a
W= in the final state.

Taking everything together we have arrived at a fully convergent SUSY-QCD next-
to-leading order calculation®. Based on three example scenarios we have studied the
impact of the corrections on the total coannihilation cross section. Especially for the
light Higgs boson in the final state, we have achieved corrections of around 30 %.
This leads to an significant effect on the prediction of the relic density. We have
reached corrections of around 10 %. As this effect is larger than the experimental
uncertainties of the Planck satellite, a significant shift within the studied parameter
space has been caused. Thus, it is important to take these corrections into account
in order to obtain a precise theoretical relic density prediction.

Therefore, we have implemented the SUSY-QCD corrections in DM@NLO. This comput-
ing tool can be linked to existing software packages like MicrOMEGAs and DarkSUSY,
which compute the relic density for a specific point in the MSSM parameter space.
Making DM@NLO publicly available in the future, it can be of interest for everybody
who includes the relic density constraint in a parameter study or a global fit.

For the future we plan to join the different subprojects of DM@NLO which we have
introduced in Chapter 5. This will allow us to perform phenomenological studies in
further regions of the parameter space and is expected to show a similar striking
impact of SUSY-QCD corrections on the neutralino relic density prediction. Based
on the work performed within this thesis, an extension to models beyond the MSSM
would also be possible. Due to the generic implementation of our calculation, this
can be achieved with a reasonable effort. One example for such an extension could be
the NMSSM. Further, it would be interesting to consider Sommerfeld enhancement.
This has been studied in the literature quite recently [258-260] and is also expected
to have a non-negligible impact.

All in all, we have shown that the performed SUSY-QCD corrections have a signif-
icant impact on the neutralino relic density prediction. This topic connects many
different fields of research, offers a broad phenomenology, and give rise to many
interesting new questions.

L As a last final IR-convergence check regarding the gluon final state has not been finalized yet,
we have restricted ourselves to studying only the processes with a Higgs or electroweak vector
boson in the final state.

174



Acknowledgements

I would like to conclude with dedicating some lines to those people who made this
work possible. In particular, I would like to thank

Bjorn Herrmann for giving me the opportunity to start my PhD in his young
investigator group at DESY and for offering me a project on an interesting and
diversified topic. I have learned a lot during the last three years! Especially, I
am grateful for the chance to spent three months at the LAPTh in Annecy-le-
Vieux.

Georg Weiglein and Gudrid Moortgat-Pick for being my local advisors during
the last two years, and for giving me the comfortable feeling of having a local
contact person all the time. I am grateful for all your advice and personal
support!

Jorn Kersten and Dieter Horns for agreeing to be part of my defense commit-
tee.

Michael Klasen who kept the whole DM@NLQO collaboration together and made
several meetings in Miinster possible. Thank you for your great personal sup-
port!

Karol Kovarik with whom I had many intense and enlightening discussions.
Thank you so much!

the other guys of the DMONLQO collaboration, in particular Quentin Le Boulc’h
for sharing the pain of hunting divergences!

Karol Kovarik, Moritz McGarrie and Torsten Bringmann for making very
helpful comments on parts of my thesis.

Madalina Chera, Patrick Hanft and Benedikt Vormwald for thoroughly proof-
reading my thesis over their weekends.

Hans Fraas for awakening my interest in particle physics due to his unique
group theory lecture and Reinhold Riickl for sharing his fascination for particle
physics in the theoretical particle physics lecture. Further, I am grateful to
Werner Porod for teaching me a lot about Supersymmetry during my master
thesis. Thank you also for your support during my time at DESY!

175



11 Conclusions

e all my colleagues, especially those from building 1b, but also the whole Theory
group for the great working atmosphere. In particular, I would like to thank
Tomas Kasemets for his encouraging words in moments of frustration. Thanks
also to Aoife Bharucha who motivated me especially during the last weeks a
lot! Last but not least, I would like to thank also Frank Tackmann, who has
had always an open door for both, scientific discussions and personal advice.

e all the people from the LAPTh for welcoming me so warmly. Especially, thanks
to Andreas Goudelis, Diego Guadagnoli and Tiago Dinis da Fonseca.

e all my friends who have always been understanding especially during the last
months... In particular, I would like to thank Nicole and Flo for all the years of
friendship, and my good friend Patrick for all the long night discussions about
politics, computer science and personal topics.

e my parents, who have always believed in me. Thanks for your endless support,
for motivating me in frustrating times and for encouraging me in going my
way.

e Bene for sharing all the years with me, for all the great moments and for your
support in bad times — thanks for just being you!

176



A Couplings

We present all necessary couplings with respect to neutralino-stop coannihilation.
As mixing between generations is not taken into account, the generation index g is
suppressed in the following.

A.1 Neutralino-Squark-Quark

Xi
AL =i [AL" Py + AL PR (A1) SN
T Qg
Up-type squark/quark
AvR — g2t N, U A2
" sin HWﬂMW sin (8 JaT (4.2)
g sin 6 "
- \/isinzw <(qu - I?’“)cosH;V/le + IsuNﬂ) Ui
Avl — M N*, U A3
" 92 s1n6W\/_MW sin (8 j47i (A4.3)
Down-type squark/quark
AdR — Md N;5US A4
K 92 51119W\/_MW cos f3 NisUi (8.4)
g2 sin Oy, ’
- I;,N —L)—YN,, | U
\[Slnew(sd jo+ (g0 — I3,) p— 31) Ui
AdL — _ 1t N*, U A5
* 92 sin HW\/_MW cos 8 37 (A.5)
+ \/_92 N*1Ug
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A Couplings

A.2 Chargino-Squark-Quark

Up-type squark/quark

g21mgq
Avl = WU A6
9 sin O v2Myy cos B 721 (8.6)
AsR = 92y gy 2 Vo
K sinfy 7' gin O /2 My sin 8’ v

Down-type squark/quark

dL goy, * TTU

i1 _ VAU AT
Y sin Oy V2 My sin 8 g2 A
AdR 92y gy P U

g sin Oy Jtza sin Oy v/ 2My cos B T

A.3 Quark-Quark-Higgs

qq
Fl =i [FI"P, + F17Pg) (A.8) O-----
q;
Up-type quark
" oMy, COS (v wR wl
he sin Oy 2Myy sin 3 he he (A.9)
" G2y, SIN v wR wl
Ful = — Fpt=F A.10
He sin Oy 2 My, sin 8 He He ( )
u 1g2M,y, oS 3 uR uL
AP sin Oy, 2 My sin 3 AP A ( )
FuL — gamyg Sinﬁ (A 12)
r V2 sin Oy My cos 15} '
g2y, COSB
Fult = A13
B V2 sin Oy My sin 8 ( )

178



A Couplings

Down-type quark

dL goMmyg sin «
0o =
W sin Oy 2 My, cos 3

gl _ oMy COS (v
HY ™ gin Ow 2 My cos 5
L _ 1gamyg sin 8
A0 — T T
sin Oy, 2 My, cos B
FdL _ gamyg cos 3
H- = . .
V2 sin Oy My, sin 8
iR gomyg sin 3

e V2 sin Oy My, cos 8

A.4 Squark-Squark-Higgs
ng,ij = ing,z’j

(A.19)

Neutral Higgs

q _ ~q
Gcb,z‘j - E :Gcb,st
s,t

Charged Higgs

U _ ~u
D+ 45 — E G<I>+,st
s,t

d _ ~d
Gy = Gy
s,t
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thoR = thoL (A14)
Fast = Fig (A.15)
Fift = —Fif (A.16)
(A.17)
(A.18)

i~

A
S
v 4
qi”

ULUs (A.20)
LUy (A.21)
ULus (A.22)



A Couplings

Incoming up-type squark

_ gay,
My sin Oy sin 3

ho 11 = 1M, COS

. sin v cos § + cos « sin
+ g2 Mz(I3, — qusin® Oy) b 2

sin By cos Oy
gomy,

~u
0,22 = — - —— 1My, COS (Y
h, 22 My sin Oy sin 3
sin a cos [ + cos asin 3
.2
+ gaMzq, sin” Oy, :
sin Oy cos Oy
~ g2y, .
u —
KO, 12 = — - —— (A, cosa+ psin )
2Myy sin Oy sin 3
e P
Gho o1 = Go 1
~u _ gaMy, .
GH0711 - T, SIN &

B My sin Oy sin 3
cos a.cos f — sin asin 3

g2 Z( 3u — GquS W) sin Oy cos Oy

ga2y,

u .
099 = — - —— M, Sin
H®, 22 My sin Oy sin 3
9o Mpqu sin? 0 cos o cos 3 — sin avsin 3
— Y2Vl z{y w .
sin By cos Oy
019 = — . - sin v — j1 cos «
H®,12 2 My sin Oy smﬁ( “ )
~u _
Go,01 = G 1
~u B
0,11 =0
- B
Glho,90 =0
ngmu

u — Au :
A%,12 2MWsin0WsinB( cos 3 + psin )

Y . (u
A0, 21 = A0, 12
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(A.24)
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(A.26)



A Couplings

~ gamy

Ghv 11 = 30 sin 6 o8 5md sin (A.35)
W W
g2y, g2 My 2
+ m, cos  — —— (2 tan 0 cos
V2 My sin Oy, sin 8 & V/2sin 9W< & 2
~ g2y,
GY% = Mg COS A.36
H*,22 V2My sin Oy sin 8 1008 ( )
g21mgq .
+ M, SIN
V2 My sin Oy cos B &
~u, G2y, i
Gire 12 :\/ﬁM 0 sinﬁ(Au cos B+ psin ) (A.37)
W W
~ m .
Y o :\/ﬁM gszin; cosﬁ(Ad sin 8 + pcos 3) (A.38)
W w
Incoming down-type squark
(3207 1= J2Md mg sin (A.39)

My sin Oy, cos 3

) sin acos 8 + cos asin 3
+ g2Mz (I3, — gasin® Oy)

sin Oy cos Oy

- gamyqg .
Gty 5y = A 40
ho,22 My sin Oy cos Bmd S ( )
. sin v cos 3 4 cos « sin
+ g2 Mz qqsin® Oy . b g
sin Oy cos Oy
= g2Mmq .
Gzo,u =M sin By Cosﬁ(Ad sin o + p cos o) (A.41)
égo,Ql - é;lp’ 12 (A42)
A gamyqg
Glo || = — A.43
HO, 1 My sin Oy cosﬁmd cosa ( )
) cos o cos f — sinacsin 3
— g2Mz(I3, — qu sin” Ow) :
sin By cos Oy
é’cfl{o? 99 = J2d Mg COS ¢ (A.44)

B My sin Oy, cos 5
cosacos f — sinasin 3

— g2Mzqqsin® Oy .
sin By cos Oy
= gamygq .
GC}{Q 10 =— My sin Oy cos (Agcosa — psin a) (A.45)
GCIlJO,Ql - GCIl{07 12 (A46)
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A Couplings

G 11 =0 (A.47)
G’Ao =0 (A.48)
G’Ao’ 2 =5 ;gé?;/ o5 (Agsin B + pcos B) (A.49)
G0 = — G0 1 (A.50)
é’?{_7 1= \/QMWQ;TgW ” 5md sin (A.51)
\/_ng::;W o ﬁmu cos 3 — %(2 tan 3 cos® )
éc]ﬂ{_’m - \/QMWQ:::ZW sin Bmd cos B+ \/ﬁngszizlgW cos Bmu sin § (A.52)
é’?{_7 19 = \/QMWQ;TgW -z (Agsin B + pucos B) (A.53)
G g = \/QMWQSQiT:ZW e (A, cos S+ psin f) (A.54)

A.5 Neutralino-Neutralino-Higgs

Xj
o =i[HE P+ HE"Pg)  (AB5)  W————- (0]
Xi
hoL g2 : * * * P\TH sin 9W * * * \TH
Hij = = — m((_ sina)(NjsN;; + NigNj, — cos Oy — — (NN + NgNj))
(A.56)
_COSQ(NJ‘4N¢2+N¢4N]’2 cos Oy (N_]4N21 +Nz4N'1)))
0 92 . sin Oy,
Hlf; R = — 25111 HW((_ S1n Oé)(N]:ssz + Ni3Nj2 — 08 HW (N]3N11 + Nngjl))
(A.57)
sin 0
— COS OZ(NJ‘4NZ‘2 + NZ‘4N]’2 — J(NJ4N21 —+ NZ4N]1)))
cos By,
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A Couplings

HZ‘I; b=— 9 ¢in Oy ((+cos a)(Nj3Ni2 + Ni3Nj2 s Oy (Nj3Nll + stN )
(A.58)
: * * * * Slnew * * * *
_Slna(Nj4Ni2+Ni4Nj2 cos Oy (N]4Nzl +N14N )
sin 6
HgOR — ZSliQQW ((+ CcOS Oé)(NJ3NZ2 + Ni3Nj2 — TQ‘V/I{//<N]3N11 + N13N]1))
(A.59)
. sin 6
— Sin Oé(N]4N22 + Ni4Nj2 — TGIV:/(NJZLNZI —+ N24N]1)))
H{? b=— 2sin«9w((_ sin 3)(Nj3N;p + NigNjy — c0s Oy ——— (N3N} + Ni3NJj))
(A.60)
+ COS/B(NJANZQ + Ni4Nj2 cos Oy (N]4Nzl + Nz4N )
) sin 6
Hi?OR 5 sir?QHW ((—=sin B)(N;sN2 + NisNjo — o 9‘;// (N;jsNi1 + NizsNj1))
(A.61)
sin 6
+ cos (N;aNi2 + NiaNjs — o8 GVMV/ (NjaNa + NiuNj1)))
A.6 Neutralino-Chargino-Higgs
HTL g2 COSB * Sin GW * *
H;; " oy (ViiNG + E(sz + 05 O NV}) (A.62)
n gosin 3 1 sin Oy
' = = g Wi = —=(Na + e Na)W) - (A.63)

A.7 Fermion-Fermion-Gluon

) q
B=iB (A.64)
8
B=—g, (A.65)
(A.66) q

183



A Couplings

A.8 Sfermion-Sfermion-Gluon

Cij = 93055 (A.68)

A.9 Gluino-Squark-Quark

Ji=i[JI" P+ JI " PR (A.69)
JIt = —gV2UY (A.70)
JI = gV2UY (A.71)
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B Vertex Counterterms

B.1 Neutralino-Squark-Quark

SAL =i [SALF Py + 6 AL PR)

Up-type squark/quark

G2 My My, 5U?§)
SJAUE — _ N, Us [ 22y T2
v sin @y v/2Myy sin 3 74T ( my, U

V2 sin 6
-2 (g~ 1) " Njy + Iy, Njo | 0UY

sin Oy osOy 7’

1 1 1
+ A2 + A3 2y, + AL

" o My, w o [OMy  OUS
OAL" =— = ; — NiuUi <— + —ul)
sin Oy V2My sin 3 My, Ui
\/5926111

cos Oy

+ N;10U

1 1 1
+ Aﬁ‘JLﬁéZ}‘i - Agféézgi - A;;Léaz;“

Down-type squark/quark

) U4
5AZR:— - g2 1Md NngZ—dQ (5ﬂ+ ;2)
sin Oy V2 My, cos 3 mq Uy
V2g sin Oy
— I, N; — I3,)———N;, ) 6UZ
gy, \fsalVi2 F (qa 3d)COSHW i1 ) oUj
1 1 1
+ Afféézfi - Ag]%(szgi + Aglffé(szzd
go My . omy 5Uid
(SAgjL:— - 2 i3 Zdl(—+ dl
sin Oy v/ 2My, cos B myq Ui
\/592 dd
N, 0US
+ cosfy LT
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B Vertex Counterterms

1 1 1
dL d dL d dL *d

B.2 Chargino-Squark-Quark

Up-type squark/quark

1) oUY
5A;,;L _ gomgy VVJ*QUﬁ ( mq + 11) (B6)
sin Oy V2Myy * cos 3 mq Ui
92 g2 My, om, OUY
5A§‘»R = — — Vi1oUj + ViU ( + == B.7
J sin Oy A sinGW*\/iMW*sinB 72T My, Ui (B-7)
1 1 1
uR u uR u uR *d
+ Alj §5ZM + Azj 55221- + Aij §5ZL
Down-type squark/quark
om SU¢
5AdL — g2 * My, ka Ud (_u + zl) B8
“ sin GW * \/ﬁMW * sinﬁ gz My, Uﬁ ( )
1 1 1
dL d dL d dL xd
om U
t sin Oy JoFa sin Oy % v2Myy * cos 3 s mq Uz% (B9)
1 1 1
dR d dR d dR xd
B.3 Quark-Quark-Higgs
SFd =i [6F2 Py + 6F1" Py (B.10)
for ® = h°, H°, A°, 0=
Up-type quark
om 1 1
Fel —fpul R /- /A B.11
orgt —ryt (T 4 Lozy+ 02t (B.11)
om 1 1
uR __ puR u - U - * U
0Fg" =Fg < - + 5 07} + 5 025 ) (B.12)
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B Vertex Counterterms

Down-type quark

ma 1 1
SFL —F¢r <—$j +502h+ 3 5zzd)

SFLR —pgt (% t Loz a 52;;,61)
my 2 2
B.4 Squark-Squark-Higgs

g s q
8GY . = i0GY

Neutral Higgs

oy = [ (i 07 s, + i, o)

t s

1. .. 1
+ S0 Gl + Ezg.c;;tj}

Charged Higgs

DD [Z (UGl U + URAGEUL, + Ui a6V

t s

I 1.
+ 552% ngz‘t + §ZtiG%,tj:|

=3 [Z (5UgégstU; + ULSGLUS, + Ugégstw;;)

t s

1., 1
+ 50255 G + §Z§§thj]
Up-type squark

s gam? cosa 2dm,
KO, 11 = —

My sin Oy, sin 8 m,

o gam? cosa 2dm,
5Gh0,22 =

My, sinfy, sin8 m,
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(B.14)

(B.15)

(B.16)

(B.17)

(B.18)

(B.19)

(B.20)



B Vertex Counterterms

~ go My, COS (¢ 0y, 0A,
N A, B.21
USARE 2 My sin @y sin 8 ( My, * A, ) ( )
go My, Sin v omy,
2 My sin Oy sin 3 a My
55:%0,21 - 56’1}20,12 (B.22)
- m2sina  2dmy,
G0 1y = T2y (B.23)

My, sinfy, sin 8 my,
gamZsina  20m,

0G0 gy = — B.24
He,22 My, sinfy, sin 8 my, ( )

5 g2y, Sin o om,  0A,
U = _ A, | — B.25
OG0, 12 2 My sin Oy sin 3 ( My + Ay, ) ( )
u 5 u
N 92@ cos oz‘ " m
2 My sinfy sinf3° m,
56’?{0,21 - 56’1}20,12 (B.26)
6G% 1y = (B.27)
0G0 25 =0 (B.28)
~ i ga My, CcOS 3 Omy, 0A,
0G0, 12 2 My sin Oy sin 3 < My + Ay ( )
2 My sinby' my,
0G0 51 = — 0G0 15 (B.30)
~ 2 2 2
SCu = gam;;sin 20my gam;, cos 3 ' omy, (B.31)
’ V2 My, sinby cosf Ma V2 My sinfy sin 8 My,
o oMy, My cos 3 gommg My, sin 8 omy, omy
0Gr+ 90 = : : : +
’ V2 My sinfy sin 8 V2 My sin @y cos 8 My mq
(B.32)
~ gom,, cos 3 Omy, 5Au)
0GY = A, + B.33
H*,12 V2 My sin Oy sin 8 < My, Ay ( )

Gammy om,
\/§MW sin ew,u my,

+
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B Vertex Counterterms

~ Mg Sin om 0A
3G = gamasinf < d d) (B.34)
2 My sin Oy, cos 8 mq Ag
4 g2myg i omy
\/§MW sin QW myq
Down-type squark
2 .
~ gamg sina  20my
5G|, = B.35
RO, 11 My sin Oy, cos S my ( )
2 .
~ gomzsina  29my
6Go 5y = B.36
ho,22 My sinfy, cos B my ( )
~ i ) 0A )
5G20 . ggmd sin «v A, mq A gg’l’f‘bd cos o " my
’ 2 My, sin 0y cos 3 mq Ay 2 Myy sin @y cos 7 my
(B.37)
5@%0721 — 5@20712 (B38)
2
~ gamicosa  20my
6G%0 1 = — B.39
HO, 1 My sinfy, cos 5 my ( )
2
- gamzcosa  280my
6G%0 99 = — B.40
HE,22 My sinfy, cos 5 my ( )
~ g2y COS (v omy 0A, gomyg sin a omy
6G%0 15 = — A
HO,12 2 My, sin 0y, cos 3 d( mq + Ad) +2MW sin Oy, cosﬁ'u mq
(B.41)
56?{0,21 - 56?{0,12 (B.42)
0G0 11 =0 (B.43)
0G0 95 =0 (B.44)
~ i gomgsin 3 dmy 0A, T gaMmy omy
6G%0 19 = A B.45
HE, 12 My sin Oy, cos d < My Ay + 2 My sin by’ my ( )
5Gcfl{0,21 == 5G?{0,12 (B.46)
N 2 o 245 mM,2 COS 20m,,
5GCIl{7,11 gamysin 3 mgq G212 B m (BAT)

:\/QMW sin by cos 5 My
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B Vertex Counterterms

~d oMy, My COS B gomgm,, sin 8 om,, omy
OG- 99 = ; ; : +
’ V2 My sinby sinfS /2 My sinfy cos 3 My mq
(B.48)
- i om 0A gamyg omy
PYei _ gamg sin 3 A ( d n d) I
i V2 My sin Oy cos 8 a mq Ag V2 My sin Oy H mq
(B.49)
. sm JA gammy, omy,
5Gd_ — g2y, COSB A ( u + u) +
ke \/QMW sin QW sinﬁ My, Au \/§MW sin HW s My,
(B.50)
B.5 Fermion-Fermion-Gluon
B =i6B (B.51)
1 . 07s
0B = —g, 5((SZL +02;+02%) + o (B.52)
B.6 Sfermion-Sfermion-Gluon
1 * g 698
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C Propagator Corrections and

Counterterms

C.1 Corrections

C.1.1 Quark Self-Energies

Gluon contribution

9o = —Ys (C.1) .,
g1 = —9s (C.2) S
1
My=0 (C.3) 7
Ml =My (C4)
By(s,0,m;)
C
z 8—7_;90917”(]280
7y =7
»  Cr
Z7 = T2 9091 (2By + 2By)
Z4 =2y
Gluino contribution
Jo, = JJQL, 9or = JJqR ClO)
g, =2 g=JI" (C11) M,
T8 My
M1 = mqj 013)
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C Propagator Corrections and Counterterms

Bo(s,mg,méj) (C.14)
. C
s F
ZL = Z @goLglegBO (015)
j=1
Z5 =78 (C.16)
.= Cr
2 = Z - 167T2g03g1LBl (C.17)
j=1
Z8 = 7v (C.18)

C.1.2 Squark Self-Energies

Gluon contribution

90 —Js (019 g
g1 = —9s (C.20) & M
B (8o M [81]
My =0 (C.21) q*
M1 = mq‘g’i (CQ2)
Ag(m?) (C.23)
By(t,0,m}) (C.24)
p—_Gr 2t + M?)By — A C.25
s——167r2(gog1( (t+ M7)Bo — Ao)) (C.25)

Gluino contribution

go, = J;—IR, 9Jop = JqL (026)

J

g1, = J;]L, 91p = JqR (027)

J

My = my (C.29)
By (t, mZm}) (C.30)
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C Propagator Corrections and Counterterms

Po = =752 (90,91 9091,) (Ao(M) + Ao(Mo) + (MG + M — 1) o)

+2(9op 915 + 9o, 91,,) Mo M1 By) (C.31)

Squark contribution

90 = =g (UAUS — ULUL)(URU — UjsUs) (C.32)
MO = mqg’k (033)
. C
P,=Y —F g A0 M, C.34
; 167T290 o(Mo) ( )
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C Propagator Corrections and Counterterms

C.2 Counterterms

C.2.1 Quark Self-Energies

In order to be consistent with the implementation within DM@NLO, we merge the
conventions set due to renormalization with those of the generic amplitude structure

in Egs. C.35 and C.36.

v 1 t

0Zh =3 (5ZL V67 ) (C.35)
v 1 t

021 = 3 <5ZR Y ) (C.36)
s 1 i

623 = 3 (mq5ZL +mgd 2l ) m, (C.37)

1
625 = -3 (mq5ZR + mqéz;) — om, (C.38)

621 = { =Tl (m2) = mq [ (T (m2) + Ty p(m?) ) + M1 (m2) + Mg p(m2)| }

(C.39)
621 = { ~Tlyn(m2) = my [m, (11 Ts 1 (m?
R = v.r(ml) —mg |mg (Iyg(m2) + Iy, (m2) ) + s r(m?) + g L (m2)
(C.40)
Gluon Loop
Bo(y?, M2, M) (1)
Iy r =25 (C.42)
My, = 7 (C.43)
. Cp .
Hsr = ————49091 M1 By (C.44)
167
. C .
s = —16; 49091 My By (C.45)
. Cp .
Iy r = — 6.2 29091 B1 (C.46)
. C .
My =~ 16; 29091581 (C.AT)
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C Propagator Corrections and Counterterms

Gluino Loop

llvr=2p (C.49)
vy =2; (C.50)
: Cr ‘

s,k = +15 3902912 MoBo (C.51)
. Cr ,

sz = +W90L91LMOBO (C.52)
: Cr ,

Iy = _WQORQILBl (C.53)
. Cr ,

My = —@90L91RB1 (C.54)

C.2.2 Squark Self-Energies

. - 1 1 .
5P, (i) = 11;;(k*) = §(k;2 —m2)6Z; + 5(1{:2 —m3 )0 Z5; — bi;0my,, (C.55)
2 2N -,

807 = mR@HU(m%),Z # j (C.56)

5Z“ = —RGH”(I{? ) k2:mg_' (057)
Gluon Loop

C .

IL;(p°) = _F;gogl<2(M12 + p) Bo(p®, Mo, My) + 2By (p, Mo, My)) (C.58)

Gluino Loop
Cr

I;;(p°) =

1672 (2(90,91, + gORglR)MOMIBO<p27 My, M)

+ (Gong1s, + 90,.91,) (M3 + ME — p*) Bo(p?, My, My) — By(p?, My, M)
(C.59)

195






D Vertex Corrections

D.1 Neutralino-Sfermion-Fermion Coupling
(A-Coupling)

D.1.1 Gluon Contribution

Correction to the S-Channel Diagram

91, = AqL

in

G2, = —Gs,  Yon = —Gs (D.3)

g1, = ALE (D.2)

m

MO =My
Ml = Mo D.5
M2 =Mmy D )
Bo(mgamgao)
CO(mim;&m;m;vO) D.8
] Cr
Al = 1622 [— 909192, Mom, (2Cy + C1)
+ gognggL (BQ + MgCQ + SCQ + Qm%C’l + Qm%Cg — 2m§C’2)] (Dg)
v Cr
AL = 52 19091292, Mo(Co — C2) = gogr, 9o, 1 (202 + C1)] (D.11)
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D Vertex Corrections

Correction to the T-Channel Diagram

My =mg (D.13)
My = mg, (D.14)
M; =0 (D.15)
By(t,m,,0) D.16)
Co(mi,t,m3, m3,mZ,,0) (D.17)
C
A;L = F;:z [goLglLQQL(BO —+ MOQCQ — m%CQ + 2m%01 + Q(m% + m?,, — t)Cg)
— G0x91,92,m1m3(C1 + 2C2) — go, 91,92, Momi(2C, + Ch)
— Gor1,92, Moma(Co — Cs)] (D.18)
Correction to the U-Channel Diagram

My =mg (D.20)
My = mg, (D.21)
My = (D.22)
By(m3, mZ,0) (D.23)
Co(u, m3, m3, m3, m ,0) (D.24)

Ay, = Sr By + MZCy + 2uCy + (2u — 2m3 + m3)C

3L — 167T2 [gOLgngQL( 0+ 0 O+ U 1+( Uu — m2+m3) 2)
+ 90291, 92,3 Mo(Co — C2)] (D.25)
v Cr

Az = 1622 (90, 91292, Mo(2Co + C1) + 90,9192, m3(C1 + 2C5)] (D.27)
Asp=A5 (R L) (D.28)
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D Vertex Corrections

D.1.2 Gluino Contribution

Correction to the S-Channel Diagram

= JI" g, =Ji (D.29)
= A g, =AY (D.30)

Jn 0

g2L — quR*’ g2R — J]qL* (D31)

9oy,

My = myg, (D.32)
Ml - mq (D33)
My =my (D.34)
Bo(m3, mg, m}) (D.35)
Co<m17m2787m?jj7mgum§) (D36)
Al = 90L91L92LM1M2 + goLg1RgzLM2m1)Co + goRgngQL(BO + M? CO)

+ goLglggzLM2m101 + 9op91292, MimiC1 + gor91, 92, (MiC1 + sCs)]  (D.37)

2
v Cr
Al = E ——— [(90r.912.92, M1 + 90291, 92,m1)Co + Go, 91292, M2Cs

, 1672
7j=1
+ 9091292, M1Co + g0, 91, 92, m1(C1 + C)] (D.39)

Correction to the T-Channel Diagram

M1 == mq/ (D42)
My = myg (D.43)
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D Vertex Corrections

By(t, mg,, mg)

2 2 92 2 9
Co(mi, t,m3, M, Mer, m3)

2
s Cr
A= 162 90,91, 92, M1 MaCo + go, 91,92, Mama (Co + Ch)
=1

+ 90, 91,92, Mim3(Co + C2) + go, 91,92, m1m3(Co + C1 + Cy)
+ gORglLQQRM2m3C2 + gORgle2LM1mICI
+ 90r91, 92, (Bo + Mg Co + miCy +m3Cs)]

Asp=A5 (R L)

Correction to the U-Channel Diagram

MO = mq;
M1 =my
M2 =Mmy
BO(m%7 mga m;)
Co(u, m3,m3, mé, mz, m?])
J
on 2
s ja
A3 = 1672 ; (90,91, 92, M1 M2Co + go, 91,92, Mims(Co + Cs)

+  Gop91, 92 MamsCo + gon91, 92, (Bo + MFCo + uCy + m3Cs)]
Asp=A3 (R< L)

2
Z (90791292, M1 C1 + Go,, 91,92, Ma(Co + C1)

J=1

+ gOLglRQQRm3<CO + Cl + 02)]

Cr

Ay =
3L 1672

Azp= A3, (R < L)
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(D.46)

(D.47)

(D.48)

(D.49)
(D.50)

(D.53)

(D.54)

(D.55)

(D.56)



D Vertex Corrections

D.2 Higgs-Fermion-Fermion Coupling (F-Coupling)
D.2.1 Gluon Contribution
9o, =—9ss»  Gop=—9gs  (D.57)

G, = —Gs,  Gin=—0s (D.58)
92, = chLv Jorp = chR (D59)

My =0 (D.60)
My =m, (D.61)
My =mg (D.62)
Bo(m3, mg, ms) (D.63)
Cols,mi, m3, 0,mqg, ms3) (D.64)
Fp = ) (90291, 92, (2Bo + (s + mj — mj + 2Mg)Co

+ (3s+ mg — mZ)Cl + (s + 3m§ — mi)Cg)
+ 90,9192, Mims(—Co — C2) + 290,91, 92, M1 M2Cy

— 9091592, MamzCs] (D.65)
Fp,=F/(R<+ L) (D.66)
Py = —% 90,9192, M1C1 + 90,91, 92, M2(Co + Ch)] (D.67)
Fi=F'(R+ L) (D.68)
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D Vertex Corrections

D.2.2 Gluino Contribution

Jo;, = J]gLa
g2 = G<I> kg
My
M1 mqk
M2 =mg

J

_ qaR
Jor = Jk
/
79" L=
glR - J]

Co(s,my, m3,

Cr

2 2
= Z Z [gOLglLQQMOCO - gOLglRQQmBCQ]

2
167 Pl

Fi =F;(R+ L)

Cp S
= 167TQZZ (90791, 92C1]

]:1 k=

Fi=F'(R+ L)

1

1

(D.69)
(D.70)
(D.71)

(D.72)
(D.73)
(D.74)

2 2
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(D.76)

(D.77)

(D.78)

(D.79)



D Vertex Corrections

D.3 Higgs-Sfermion-Sfermion Coupling (G-Coupling)

D.3.1 Gluon Contribution

a7,
g2 = —3s (D82> -~
WENGIEGYS
8z \

MO =My (D83) _ il_ »

My =myg (D.84) //,V/ M, \\\\

My =0 (D.85) qi 0
By(t,mZ,0) (D.86)
Co(mivt7m§7mgam2’.70) (D87)

J

C
G —F2909192 [BO + (M2 +t—m3)Co + (t+m3 —m3)Cy + (m] —m3 — t)C’g]

" 167
(D.883)
D.3.2 Gluino Contribution

go, = chLv Jog = Fch>R (D'89>

g, =" g, =J0% (Do)

92, = quR* Jop = quL* (D91)

MO = mq (D92)

My = my (D.93) -

M, = mj (D.94) 0]
By(t, m2,,m?) (D.95)
Co(m3, t, m5, m2, m2,, m?) (D.96)

Cr
- @ [(gOLglLQQL + gORglRQQR)QMOMlMQCO

+ (GopG1r 92, + 90,91, 925) M1 (2(Bo + Mg Co + m3Cy) + (m3 + m; — t)Cy)

G
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D Vertex Corrections

+ (90, 910925 + Jong1, 92, ) M2 (2(By + MZCo + m3Cy) + (m3 + mji — t)Cs)

+ (90, 917920 + 90r91,925) Mo(2(By + M§Co + miC1 + m5Cs)

+ (m% —+ mi — f})(C() -+ Cl —+ Cg))}

D.3.3 Squark Contribution

7

|

!
e =0
q1
okg

go = —gg(UﬁUiql - UquUiq2>(qulUlgl - U;IZUgQ)

g1 = chb,lk
By(mj, m; m%)
2 2
F
G = Z Z @909130
I=1 k=1
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E Box Contributions

E.1 S-Channel Box with Gluon

Jgo = —Ys (El)

91, = AgnLv Jir = AgnR (E2)

ga, = FI¥ gy, = FIF (E.3)

g3 = —Gs (E.4)

My =0 (E.5)

My = mg (E.6)

M2 =My (E?)

Ms =mg (E.8)
Chm 5,2, M2, M3 M) (©.9)
Co(m3, m3,u, M7, M3, M5) (E.10)
Do(m3, m?,m3i, m3,s,u, M3, MZ, M3, M3) (E.11)

Cr

By, = T [9095(91, (= (925 (ms — Ms)(Co + M3 Do + sDy + m35(2Dg + 3Dy + 2D)))
+ gop(—m33 + 2m3 Mz + mzM3 + 2m3(—ms3 + M) — 2Mzu) D3

+ g2, Mo (Cy + M Dy — 2uDy — uDy + miDy — tDy — uDy + m3Ms Dz — 2uDs

+ m3(2Dg + 3(Dy + Dy) + 2D3) +m3(2Dg + Dy + 2Dy + 3D3)))

+ g1pm1 (g2, Ma(—m3 + M3) Dy + g2,

+ x(Co + CY + M3 Dy — 2uDy — uDy + (m? + M3 — t)Dy — 3uDy + m3sMsDs

— 2uDs 4+ m3(2Dg + 3(D1 + Ds) + 2D3) +m3(2Dg + D1 + 3(Da + D3)))))]
(E.12)
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E Box Contributions

C
B, = _F; [9093(91,m1(292, M2 Do + ga,(—ms + M3)(2Dg + Dy + 2Ds)

= 2g2,m3D3) + g1,,(92, Ma((—m3 + M3)(2Do + D1 + D2) — 2m3Ds)

+ g2, (3Cy — Cy — C1 + 3MZ Dy — 2uDy + M3 Dy — 3uD,

+ (m% + M?? + 25 — t)DQ - 3UD2 - m3M3D3 - 2UD3

+ m3(2Do + 5D + 3Ds + 2D3) + m3(2Dg + 2Dy + 3D, + 5D3))))] (E.14)

BYn =B, (R L) (E.15)
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E Box Contributions

E.2 T-Channel Box with Gluon

go = —Js (E.16)
= ALl gy, = AL (E.18)
g5 =G4 (E.19)
My =0 (E.20)
M1 = ms (E21)
M3 = My (E23)

Co(m?2,m3,u, M?, M3, M2) (E.24)

Do(m3, m2, m3, m3, t,u, M3, M}, M3, M3) (E.25)

2
By = Z 909193(292, (m3 4+ m3 — w) Do + g2, (Co + Mg Dy)

+ gzL(Qm2 + m3(3mz + M) — 2u) Dy + go, (3m3 +m3 — u) D3
+ (gopma(ma — M) + go, (=i + 2m3 + my(2ma + My) +t — 2u)) Ds]

(E.26)

Bir=B5 (R< L) (E.27)
BY ﬁi[ (292,,(—=ms + M1)Dgy — 2go,,m3D
2L 1672 < 909193\ 4925 3 1) Ja2pm3l)1

— 2(g2,m1 + g2,m3)Da + g, (—ms + M) Ds)] (E.28)
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E Box Contributions

E.3 S-Channel Box with Gluino

_ 7qR= _ 7qL=x
gOL - JZ 9 gOR - JZ

_ AqR=x _ AqLx
g1, = Ajn 9igp = Ajn

— q
g2 =G g

19’ Rx _ 1¢' Lx
g3, = Jk 93r = Jk

E.30)
E.31)
E.32)
E.33)

o~ o~ o~

M():mg (E34) /,/’/.-_-j__ = -
M, =m, (E.35) 0] i qi
My = my, (E.36)
Co(m%,mi,u, M127M227M??) (E38)
Do(m3, m?, m3i, m3, s, u, M3, MZ, M3, M3) (E.39)
C 2 2
s F
B3, = = Z Z 92(90,.91,93, Mo My Dy + go,91,,9s,,(Co + Mg Dy)
=1 k=1
+90,91,93, M5 D1 — g3, (m1(go,91,m1 + 90, 91, Mo + G091, M1) — G0z 91,5)Da
— 91,93:M3(90, Mo + go, M1) D3)] (E.40)
, Cr -
Bsp =163 > [92(=(90, 91,95, Mo Do) — 91,93, (9o, Mo + gor, M1) Dy
j=1 k=1
— 93, (gORglel + gOLglRMO + gORglRM1>D2 + gOLgle3Rm3D3)] (E'42)
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E Box Contributions

E.4 T-Channel Box with Gluino

go, = JU g, = JIP (E.44)

g, = JI g, =J7E (E45)

g2, = ALE* gy = ATET (E.46)

g3, = FLF ga, = FA" (E.47)

My = myg (E.48)

M, =mg (E.49)

My =m, (E.50)

Mz =m, (E.51)
Co(m3, t,mi, M, Mg, M3) (E.52)
Co(mi, mi, u, M7, M5, M) (E.53)
Do(m3, m2, m3, m3, t,u, MZ, M}, M3, M3) (E.54)

2
C
By = Z 90 (—(91am3 Mo (92,93, M1 D1 + 92, (93, M2(D1 + D2)

+ gsRM?»(DO + D1+ D3)))) + g1, (g2mi (g3, MaMs Dy + g3, (Co + Cy + Mg Dy
+ (m3 4+ m3+m3+ M —s—u)Ds

+ m3D3)) + go, (93, Ms(Co + M3 Do + t Dy +m3Ds — uDs +m3(D; + D3))

+ g3, My(Co + M Do + miDy — sDy + m3(Dy + Ds)))))

+ 9o, (—(91,m3(92,93, M1 M3 D1 + go, (g3, Mo M3(D1 + Do)

+ 93,(Co — C, — O + MZ Dy — uDy + miDy — (s +u)Dy + ma(Dy + Dy)

+ M3(Dy + Dy) +mj(Ds + Dj)))))

+ g1, Mo(92,m1 (93, M2 D2 + g3, M3(Do + Ds))

+ 92, (93, MoM3Dy + g5,,(Co + Mg Dy — uDg — uDy + tDy — uDy — uDs

+ m3(Do + 2Dy + Dy + D3) +m3(Do + D1 + Dy + 2D3)))))] (E.55)

Bip =B, (R L) (E.56)

C 2
BiL = F2 > 1= (90, (91,m3(— (935 (g2, m1 D1 + g2, Mo (D1 + D2))) + g2,,93, Ms Ds)

Jj=1
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E Box Contributions

+ g1, Mo(92, g3, m1(Do + Do + D3) + ga,. (93, M3 D3 + g3, Ma(Do + D3)))))

+ 905 (—(91,925.93, m3Mo(Do + D1 + Dy + D3))

+ 91, (92,m1(93, M2Da — g3, M3 D3) + ga, (— (g3, M2 M3 D3)

+ g3, (Co + Mg Do + m3 D + tDy + (mo — M3)(ma + M3)D3))))] (E.57)

Bir=BiL(R L) (E.58)
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