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Résumé

Résumé

Le Modele Standard de la physique des particules est basé sur le groupe de jauge SU(3) x
SU(2) x U(1) et inclut les interactions forte et électrofaible. Son contenu en particules est
expérimentalement bien établi a ’exception du boson de Higgs. Celui-ci est nécessaire dans la
description de la brisure de la symétrie électrofaible mais, jusqu’a présent, non observé aupres
des collisionneurs actuels. Malgré le grand succes expérimental de ses prédictions, le Modele
Standard souffre de certaines inconsistences théoriques et expérimentales. Les arguments cités
le plus souvent sont le probleme de hierarchie, qui est lié aux corrections de boucles fermion-
iques a la masse du boson de Higgs, ainsi que 'unification des constantes de couplages requise
par des théories de grande unification mais non réalisée dans le Modele Standard. Du coté cos-
mologique le Modele Standard n’inclut pas de candidat pour la matiere noire dans I'univers,
ce qui constitue un argument supplémentaire pour la physique au dela du Modeéle Standard.
Parmi les extensions proposées, la Supersymétrie (SUSY), et en particulier le Modele Super-
symétrique Standard Minimal (MSSM), est la théorie la plus économique et la mieux étudiée.
Basée sur une symétrie entre bosons et fermions, elle prédit des superpartenaires pour les
particules du Modele Standard. L’absence d’observation directe des superpartenaires aux
collisionneurs actuels implique que la Supersymétrie doit étre brisée a I’échelle électrofaible.
Le Lagrangien a basse énergie inclut alors des termes donnant une masse aux superparte-
naires, ce qui implique un total de 124 parametres liés au mécanisme exact de la brisure. Il
est alors essentiel de contraindre I'espace des parametres a 1’échelle électrofaible ainsi qu’a
I’échelle de la brisure de la Supersymétrie. Selon les différents mécanismes de la brisure,
des termes violant la saveur peuvent étre introduits dans le Lagrangien. Ceci implique la
nécessité d’étudier la possibilité de violation non-minimale de la saveur dans le contexte des
contraintes. La conservation de la R-parité implique que la particule supersymétrique la plus
légere (LSP) soit stable. Si cette derniere est électriquement neutre et un singlet de couleur,
elle constitue un excellent candidat pour la particule de matiere noire. Le fait de pouvoir cal-
culer sa densité relique pour un modele donné constitue une possibilité intéressante d’obtenir
des contraintes supplémentaires par rapport aux expériences aupres des collisionneurs ou des
mesures de précisions électrofaibles.

Dans la premiere partie de cette these, nous avons étudié les différentes contraintes qui
peuvent étre imposées sur le MSSM a 1’échelle électrofaible, tout en considérant la possi-
bilité de violation non-minimale de la saveur. En particulier, nous avons imposé les limites
expérimentales du rapport d’embranchement b — sv, du parametre électrofaible Ap, et du
moment magnétique anomal du muon a,, ainsi que les limites sur la densité relique Qcpmh?
de matiere noire obtenues par la mission WMAP et d’autres mesures cosmologiques. En ce
qui concerne les modeles de supergravité minimale (mSUGRA) ot la violation de la saveur est
naturellement présente due a la médiation par la gravité, nous avons commencé par identifier
les régions exclues ou favorisées par les différentes contraintes grace a des “scans” détaillés
de l'espace des parametres. Basés sur cette analyse, nous avons défini des scénarios “bench-
mark” qui permettent une violation de la saveur importante entre les squarks de deuxieme et
troisieme génération, qui sont en accord avec toutes les contraintes, et qui n’impliquent pas de
masses trop élevées pour les superpartenaires qui seront alors observables aux collisionneurs
actuels ou futurs. Une étude détaillée des contraintes a ensuite permis d’identifier les limites
pour le parametre introduisant le mélange de saveur dans la matrice de masses des squarks
et de comprendre la phénoménologie introduite par ce mélange.

Dans un deuxiéme temps, nous avons effectué une analyse similaire pour des modeles de
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brisure de Supersymétrie par médiation de jauge (GMSB). Dans les modeles GMSB mini-
maux, les régions caractérisées par des petites masses ou des masses intermédiaires masses
de superpartenaires sont exclues par la contrainte sévere due a la désintegration b — sv. La
violation de saveur dans le secteur des squarks peut étre introduite ici si I'on tient compte
d’un possible mélange entre les champs de messagers et les champs de matiere. Nous avons
montré que cette introduction d’un mélange de saveur permet de satisfaire les contraintes de
basse énergie et électrofaible également pour les scénarios incluant des masses de superparte-
naires découvrables aux collisionneurs. Nous avons alors pu définir des scénarios “benchmark”
également pour les modeles GMSB et discuter en détail leur phénoménologie qui est trés sim-
ilaire & celle des points choisis en mSUGRA. Comme dans les modeles GMSB le gravitino
est toujours la LSP et le candidat de matiére noire, des contraintes supplémentaires doivent
étre prises en compte, comme par exemple le temps de vie de la particule la deuxieme plus
légere (NLSP), ou la température du réchauffement a laquelle la leptogenése impose une lim-
ite inférieure. Pour ces scénarios, nous avons analysé ces contraintes supplémentaires afin de
déterminer l'ordre de grandeur de la masse du gravitino.

La deuxieme partie de cette thése est consacrée a une étude de ’annihilation d’une paire
de neutralinos, candidat potentiel pour la matiere noire, en une paire de quark-antiquark. Ce
processus domine dans des larges régions de I'espace des parametres des modeles mSUGRA.
Dans un premier temps nous avons consideré la région appelée “A-funnel”, ol quasiment le
seul diagram contribuant est 'annihilation en paire de quarks beau par I’échange d’un boson
de Higgs pseudoscalaire. Pour ce canal d’annihilation, nous avons calculé les corrections de
diagrammes a une boucle en QCD et SUSY-QCD. Ceci a été réalisé par I'application des
techniques de renormalisation et de resommation des corrections dominantes au couplage de
Yukawa, et par la méthode de la soustraction de dipoles pour I'implémentation des correc-
tions réelles. Nous avons ensuite montré numériquement que ces corrections ont un impact
important sur la section efficace d’annihilation. En particulier, I'implémentation de la masse
“running” du quark beau et les effets de la resommation en SUSY-QCD sont non négligeables
et peuvent diminuer la section efficace par jusqu’a 75 pour cent. Nous avons implémenté les
nouvelles corrections dans le code public DarkSUSY qui calcule la densite relique de matiere
noire pour un scenario supersymétrique donné. Nous avons ainsi montré que la prédiction de
la densité relique de matiére noire recoit également des corrections significatives, au moins
dans cette région particuliere de ’espace des parametres. La région préférée par rapport
aux données cosmologiques est décalée vers des masses des particules supersymétriques plus
petites, ce qui compense la section efficace plus faible.

Ensuite, nous avons généralisé ces résultats pour I’annihilation de neutralinos en une paire
de quark-antiquark en tenant compte de tous les canaux possibles, c’est-a-dire ’échange d’un
boson Z, d’un boson de Higgs neutre ou d’un squark. Pour commencer, nous avons identifié
les régions dans l'espace des parametres mSUGRA qui sont en accord avec les limites cos-
mologiques sur la densité relique et qui sont caractérisées par une contribution importante
de tels états finals. Il s’est avéré que, en mSUGRA, les quarks “légers” (up, down, charme
et étrange) ne jouent un role important que dans les régions expérimentalment défavorisées.
En conséquence, nous nous sommes concentrés sur les états finals qui contiennent des quarks
beau ou top. En applicant les mémes techniques que pour la région “A-funnel”, les correc-
tions virtuelles et réelles en QCD et SUSY-QCD ont été calculées et implémentées dans un
code numérique. Ce dernier a ensuite été inclu dans le code public micrOMEGAs afin d’étudier
I'impact des nouvelles contributions. Comme pour la région “A-funnel”, les nouvelles contri-
butions ont un impact significatif sur la section efficace d’annihilation et, en conséquence, sur
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la prédiction de la densité relique de matiere noire dans notre univers. La région favorisée
par la cosmologie est alors modifiée, ce qui montre que ces corrections doivent étre prises en
compte si 'on souhaite obtenir des prédiction plus précises.

Dans la troisieme partie du travail nous avons finalement consideré la production des
particules supersymétriques au futur Large Hadron Collider (LHC) du CERN. Afin d’inclure
des effets de violation non-minimale de la saveur, les couplages doivent étre généralisés pour
prendre en compte les matrices de masses modifiées. Nous avons présenté des expressions an-
alytiques pour la section efficace partonique de production de squarks, jauginos et gravitinos.
Ceux-ci sont ensuite numériquement convolués avec des densités partoniques universelles pour
obtenir des prédictions numériques des sections efficaces au LHC. Nous avons effectué une
étude détaillee en ce concerne la production de squarks et jauginos pour nos scénarios “bench-
mark” dans des modeles GMSB avec violation de la saveur dans le secteur des squarks. En
particulier, nous avons discuté la phénoménologie impliquée par cette violation non-minimale
de la saveur, qui entraine des effets interéssants au niveau des sections efficaces. Concernant
la production de gravitinos, qui serait a priori intéressante dans des modeles GMSB ou le
gravitino est la particule supersymétrique la plus légere, nos scénarios incluent des gravitinos
relativement lourds afin de satisfaire les contraintes cosmologiques. En conséquence, les sec-
tions efficaces de production sont numériquement trop faibles pour étre observables au LHC.
Il est a noter que seulement un gravitino tres léger permetterait d’obtenir une production
détectable. Nous argumentons que ce cas n’est pas réalisable dans nos modeles GMSB avec
violation de la saveur introduite par un mélange des champs de messager avec des champs de
matiere.

En conclusion, la Supersymétrie est une extension attractive du Modele Standard de la
physique des particules. Elle adresse le probleme de hierarchie, mene a 'unification des con-
stantes de couplages et inclut des candidats intéressants pour la matiere noire dans I'univers.
Comme perspectives, il serait intéressant d’élargir les études présentées dans cette these.
En ce qui concerne la violation non-minimale de la saveur, on pourrait par exemple re-
laxer les simplifications faites pour cette premiere étude ou analyser d’autres mécanismes de
brisure de la Supersymétrie. Il serait également intéressant de calculer des corrections QCD
et SUSY-QCD pour la production des particules supersymétriques dans ces scénarios. Pour
les processus d’annihilation de neutralinos, on pourrait étudier 'impact des corrections dans
le contexte de la détection directe ou indirecte de matiere noire. Dans un modele plus général
que mSUGRA on pourrait trouver des régions avec une forte contribution des quarks légers,
qui recevraient a priori des corrections importantes en QCD en SUSY-QCD. Comme la pro-
duction de gravitinos peut inclure des effets dus a la violation de la saveur, il serait intéressant
de I'etudier dans un scenario avec un gravitino leger et violation de la saveur dans le secteur
des squarks.
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Abstract

Abstract

In absence of direct experimental evidence, it is essential to constrain the parameter space of
the Minimal Supersymmetric Standard Model (MSSM) both at the Supersymmetry breaking
and the electroweak scale. After a brief introduction to Supersymmetry (SUSY), we present
an extensive analysis of electroweak, low energy, and cosmological constraints in minimal
supergravity (mSUGRA) and gauge-mediated SUSY-breaking (GMSB) scenarios. We include
the possibility of non-minimal flavour violation (NMFV) in the squark sector and define
“collider-friendly” benchmark points based on detailed scans of the parameter space. We
then consider neutralino pair annihilation into quark-antiquark pairs that dominates wide
ranges of the mSUGRA parameter space. We present the corresponding full one-loop QCD
and SUSY-QCD calculation and show numerically that the loop diagrams have an important
impact on the annihilation cross section and, in consequence, in the prediction of the dark
matter relic density, resulting in a modification of the preferred regions of the parameter space.
We finally present analytical expressions and numerical predictions for squark, gaugino, and
gravitino production cross sections at the LHC in GMSB with NMFV. We also discuss the
phenomenology of flavour mixing and cosmological implications on the gravitino mass within
this context.
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Chapter 1

Supersymmetry and the MSSM

Interesting extensions have been proposed for the Standard Model of particle physics, that
suffers from several conceptual problems and from discrepancies when it is confronted to
precision measurements. In this work, we focus on Supersymmetry, which is an attractive
solution and probably the most popular and best studied of these extensions. This first
Chapter is devoted to an introductional overview of Supersymmetry and its features. We
start by discussing the motivations for physics beyond the Standard Model, then present
the formal and phenomenological aspects of the Minimal Supersymmetric Standard Model
(MSSM) and show how it can solve the problems of the Standard Model. We thereby also
focus on flavour violation and dark matter issues, which will be the main topics of this Thesis.

1.1 Motivation

Including the electroweak [1-4] and strong [5-7] gauge interactions based on the symmetry
group SU(3) x SU(2) x U(1), the Standard Model of particle physics successfully describes
a wide range of phenomena. It greatly deals with the interactions of the particles that have
been discovered so far, and nearly all of its predictions have been experimentally verified at
very high precision. At present, the only experimentally missing piece is the Higgs boson,
originating from an isodoublet scalar field [8-12]. The latter is responsible for electroweak
symmetry breaking and for the fermion masses through its Yukawa couplings. However, there
are several strong hints that the Standard Model is not complete and has to be extended in
order to describe physics at arbitrarily high energies. In this context, the Standard Model is
rather supposed to be some effective low-energy limit of a more fundamental theory.

Strong arguments arise from the particle physics side, where the most cited one is the
so-called “hierarchy problem” related to the mass of the Higgs boson itself. The latter re-
ceives corrections through fermion loops involving integrals, that diverge quadratically. In
consequence, the correction to the Higgs mass is of the order of the cutoff scale squared,
which is used to regularize the loop integral. However, for that large Higgs masses, the Higgs
self-coupling would become too strong and the could no longer be used to explain electroweak
symmetry breaking. In addition, the expectation for the Higgs vacuum expectation value,
that governs the masses of gauge bosons and fermions, is of the order of a few 100 GeV, well
below an eventual cutoff scale [13,14]. A second argument concerns the unification of gauge
interactions. It is well-known that, within the Standard Model, the running weak, electro-
magnetic, and strong coupling constants do not meet in one single point at some high energy
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scale, which should be the case if the three corresponding forces unify. Third, the Standard
Model does not include gravity, which cannot be ignored at energies near the Planck scale.
Finally, there is also the hope to clarify some “unaesthetic” points in the Standard Model.
Its large number of arbitrary parameters for instance, like the number of colours or lepton
families, might be explained by embedding it into some larger framework.

Further important hints come from cosmology. First evidence for a dark component in our
Universe has been found in 1933 [15]. Since then, indirect and direct evidence for the presence
of Dark Matter have been accumulating on all astrophysical scales. On galactic scales, the
strongest argument are the rotation curves of spiral galaxies, which have a flat behaviour at
large distances [16-18]. Without involving modified gravity, this is well explained only after
including a dark halo surrounding the galaxy. Other hints pointing to the existence of Dark
Matter come from weak or strong gravitational lensing of galaxies or clusters [19,20] or the
velocity dispersion of dwarf spheroidal or spiral satellite galaxies [21,22]. Recently, the first
direct proof for the existence of Dark Matter has been delivered by observations of the Bullet
cluster, where astronomers could for the first time separate the baryonic and dark matter
contributions after the collision of two clusters of galaxies [23]. On cosmological scales, strong
evidence comes from precision measurements of the anisotropies of the Cosmic Microwave
Background (CMB) by the satellites COBE and WMAP [24-27]. From those measurements,
combined with further cosmological data, e.g. from supernovae [28] and baryon acoustic oscil-
lations [29], it is clear today that we live in a flat Universe dominated by Dark Energy which
accounts for about 75% of its energy content. Only about 4% are made of baryonic matter,
while radiation accounts for about 0.001%. The remaining 25% of the matter-energy content
of our Universe are non-baryonic Dark Matter, that is supposed to consist of so-called weakly
interacting massive particles (WIMPs). In addition, simulations of large structure formation
suggest that the main part of the Dark Matter should be highly non-relativistic, i.e. “cold”
Dark Matter [30]. As no particle within the Standard Model is suitable to play that rolel!,
the presence of cold Dark Matter in our Universe is also strongly pointing to physics beyond
the Standard Model.

1.2 The Supersymmetry Algebra

Supersymmetry has first been introduced into particle physics in 1974 [31,32]. Its basic idea
is to postulate an additional symmetry between bosonic and fermionic degrees of freedom,
needed in order to cancel the fermionic contributions to the Higgs boson mass. Thus, a
supersymmetric transformation operator Q is an anticommutating spinor that transforms
a bosonic state into a fermionic one, and vice versa. A simple and elegant formulation of
Supersymmetry transformations is obtained in Euclidean space extended by two Grassmanian
coordinates 0, and 0, with {0, 0g} =0 for a, f = 1,2, that defines the so-called superspace.
The spinorial generator Q and its hermitian conjugate Q' are then given by
0 w3 0 0

9°—  and Qg:——ﬂ'eﬁ“a

Qo = 357~ 190" G 00, 0 B g

(1.1)

In principle, there can be N > 1 distinct sets of generators, the theoretical upper limit is
N < 4J, where J denotes the maximal spin of the particles involved in the theory. However,

'Neutrinos are relativistic particles, so that they can only account for hot Dark Matter. Additionally, they
are not massive enough to account for the rather important observed amount of Dark Matter in our Universe.
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since only the case N = 1 is of phenomenological interest, we do not consider models with
N > 1 for the rest of this Thesis. The generators are related to the generator of spacetime
translations P* through

{Q., Qg} = 20", P, (1.2)

which underlines the spacetime character of Supersymmetry. Here, o’ denote the Pauli ma-
trices, and ¢® = 1. Furthermore, the operators Q and Q' obey the commutation and anti-
commutation relations

{Qu.0s} = {Qf.Q}} = [Pr.] = [P Ql] =0 (1.3)

The particle states lie in the irreducible representations of the above superalgebra, that
are called supermultiplets. Each of them contains an equal number of fermionic and bosonic
states, which are called superpartners of each other. The Supersymmetry generators commute
both with the squared mass operator P? and the generators of the gauge transformations.
Thus, in exact Supersymmetry, particles in the same supermultiplet have equal mass, electric
charge, weak isospin, and colour quantum numbers.

Only two kinds of supermultiplets are relevant. The first possibility is a single Weyl
fermion together with a complex scalar field, which accounts for two fermionic and two bosonic
degrees of freedom. This is called a chiral supermultiplet. The second possibility is a gauge
multiplet that contains a massless spin-1 vector boson together with a Weyl fermion, which
accounts also for two fermionic and bosonic degrees of freedom. In N = 1 Supersymmetry,
further combinations of particles can always be reduced to combinations of chiral and vector
supermultiplets.

In order to preserve Supersymmetry when going off-shell, an additional complex scalar
field is introduced into the chiral supermultiplets. This auxiliary field without a kinetic term
counterbalances the two additional real fermionic degrees of freedom that a Weyl fermion ac-
quires when becoming off-shell. When going on-shell, the auxiliary field is eliminated through
its equations of motion. In the same way, an auxiliary field with one real bosonic degree of
freedom restores Supersymmetry in the gauge supermultiplets.

1.3 The Minimal Supersymmetric Standard Model (MSSM)

The Minimal Supersymmetric Standard Model (MSSM) is the minimal supersymmetric the-
ory that includes the Standard Model. Tab. 1.1 shows its particle content, organized in chiral
and vector supermultiplets. The quarks and leptons obtain the squarks and sleptons as scalar
superpartners, while those of the gluon, the electroweak gauge and the Higgs bosons are
called gluino, gauginos, and higgsinos. A particularity is the necessity of two complex Higgs
doublets in contrast to only one in the Standard Model. We also indicate the graviton and its
superparner the gravitino, that are present in theories with local Supersymmetry including
gravity.

In order to describe the interactions within the MSSM, we will denote the complex scalar
and Weyl fermions within the chiral supermultiplets by ¢ and ), while the gauge bosons and
their fermionic superpartners from the gauge supermultiplets are denoted by A, and A\. We
further denote the auxiliary fields of the chiral and gauge supermultiplets by ' and D. We
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‘ SM Particles Spin ‘ ‘ Spin Superpartners
Quarks (uL dL) 1/2 | @ 0 (fLL JL) Squarks
uly /2 a | 0 ik
di, /2| d | 0 dy
Leptons (v er) 1/2 | L 0 (v ér) Sleptons
ely /2 e | 0 &

Higgs (Hf H)) 0 |H,| 1/2 (Hf HY) Higgsinos
(HY H;) o0 |Hy|1/2 (HY H))

Gluon g 1 1/2 g Gluino
W bosons WO W 1 /2 WO wW* Winos
B boson BY 1 1/2 B Bino
Graviton G 2 ‘ ‘ 3/2 G Gravitino

Table 1.1: Chiral (upper part) and gauge (lower part) supermultiplets in the MSSM.

finally introduce the covariant derivatives

Dupi = Outi —igAl(T"¢)., (
Doy = Oud; +igAy(¢"T?),, (
Dupi = Outhi —igAs(T),, (
DA = 9N+ gf Al (
that will render the Lagrangian invariant under gauge transformations. The hermitian ma-
trices T correspond to the representation under which the chiral supermultiplets transform
under the gauge group, related by the totally antisymmetric structure constants f%¢ through

[T, T% = ifecTe. The Lagrangian of a renormalizable supersymmetric field theory can then
be written as

Lsusy = Lehiral + Loauge — V29(¢* TP)N* — V29N (41 T¢) + g(¢"T"¢) D" (1.8)

The kinetic terms and gauge interactions of the chiral and gauge multiplets are contained in
the parts

Loniral = —D" Dty — iV Dytpy — o (WHeitpy + Wiswhull) — wiwy, - (1.9)
1 1
Loange = _ZFﬁVFuua _ Z'/\Ta(}up“)\a + §DaDa. (1.10)

The superpotential W is an analytic function of the complex fields ¢ and contains the inter-
actions between the chiral and gauge supermultiplets through its derivatives

, ow g o?w
Wt = and WY = ——, 1.11
0; 0¢;0¢; (L.11)
while F, = 0,A7 — 0,A], + ¢ f“bCAZA,C/ is the usual Yang-Mills field strength tensor. The
matrices & are related to the Pauli matrices o through 6 = ¢" and ' = —¢* for i = 1,2, 3.
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Suppressing all gauge and family indices, the superpotential of the MSSM in terms of the
chiral superfields Q, L, u, d, e, H,, and H; is given by

Wassm = tUyonQHy, — dyaQHy — eyoLHy + pH, Hy. (1.12)

The first three terms correspond to the Yukawa couplings in family space, while the p-term
is related to the masses of the Higgs bosons and the Higgsinos.

As two side remarks, let us note that the auxiliary fields F; appear in the Lagrangian
only through the derivatives of the superpotential W;, to which they are related through the
equations of motion F; = —W;* and F™* = —W". Second, the Lagrangian of Eq. (1.8) is, of
course, invariant under global Supersymmetry transformations. For rather complete reviews

on Supersymmetry and in particular the MSSM see Refs. [33-35].

1.4 Supersymmetry Breaking

As no superpartners of the Standard Model particles have been observed so far, it is obvious
that Supersymmetry must be a broken symmetry in the vacuum stage chosen by Nature.
However, there is no consensus on the exact breaking mechanism. It only seems to be accepted
that Supersymmetry should be broken via “soft” terms in the Lagrangian, i.e. terms with
positive mass dimension. Otherwise, new quadratic divergences would be introduced and
Supersymmetry could no longer be a viable solution to the Hierarchy problem.

The possible Supersymmetry breaking terms are included in the Lagrangian at low energy,

1 . -
Loofy = D) (MIBB + MWW + Msgg + hC)
— <@Tm2QQ + amZal + a?m(glcjT + L'miL + §m§§T>
— (B, H Ho -+ iy, B Ha o+ (L Hy 4 bc)
- <ﬁau@Hu - jadQHd — éaoLH, + h.c.). (1.13)

Here, the mass terms for gluino, winos, bino, squarks, sleptons, and the Higgs bosons, are
contained in the first three lines. The last line of Ly.g involves the trilinear scalar interactions
ay, a4, and a.. The latter are 3 x 3 matrices in generation space, as are the matrices miz for
i=0Q,L,u,d,e.

Most models assume that Supersymmetry breaking occurs at a scale (F') in some “hidden”
or “secluded” sector, while the Standard model particles as well as their superpartners dwell
in the so-called “visible” or “observable” sector. Couplings between the particles contained
in the two sectors are supposed to be small and the mediation of Supersymmetry breaking
to the visible sector is realized through a shared interaction. After a brief discussion of the
super-Higgs mechanism, we will review two different scenarios that are relevant within this
work.

1.4.1 The Super-Higgs Mechanism and the Gravitino

As in the case of electroweak symmetry breaking, the spontaneous breaking of Supersymmetry
implies the existence of a Nambu-Goldstone boson, that is called the goldstino. Taking into
account gravity, Supersymmetry becomes a local symmetry and the resulting theory is called
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supergravity. The spin-2 graviton has then as its fermionic superpartner with spin 3/2 the
gravitino, which can be considered as the gauge field of local Supersymmetry transformations.
After the spontaneous breaking of Supersymmetry, the gravitino acquires a mass through the
so-called super-Higgs mechanism in an analogous way as the ordinary Higgs mechanism in the
context of electroweak symmetry breaking. The gravitino absorbs the goldstino, the latter
becoming its longitudinal components with spin 1/2. The so acquired gravitino mass is of the
order of
_m
V3Mp’

related to the Supersymmetry breaking scale (F') and the reduced Planck mass Mp.

me (1.14)

After overlapping with the goldstino field, the gravitino has in principle four helicity states.
However, in collider phenomenology, the only gravitationally interacting “original” gravitino
components can generally be neglected with respect to the inherited goldstino modes that
feature non-gravitational interactions. Note that the gravitino plays an important role in
cosmology, not only as a possible dark matter candidate, but also in the context of the
abundances of light elements in our Universe. Cosmological constraints on the MSSM, and
in particular on the gravitino mass, are discussed in Sec. 2.2.

1.4.2 Constrained MSSM and Minimal Supergravity

The most popular framework is probably the constrained MSSM (cMSSM) [36-38]. In this
framework, often also called minimal supergravity (mSUGRA), the shared interaction that
mediates Supersymmetry breaking into the MSSM is gravity. The soft terms in Eq. (1.13) are
determined by only five universal parameters at the Supersymmetry breaking scale. These
are the common scalar and gaugino masses, mg and my 5, the universal trilinear coupling Ao,
as well as the ratio of the vacuum expectation values of the Higgs doublets, tan G, and the
sign of the Higgsino mass parameter, sgn(u), for the Higgs sector. From the relations at high
scale,

My = My = My = my, (1.15)

sz = m2 = m(g1 = mi =m2 = mi, (1.16)
my, = m%]d = m3, (1.17)

a, = Ay for i = u,d,e, (1.18)

the parameters at low energy are obtained through renormalization group running, i.e. their
numerical evolution down to the electroweak scale. The weak-scale parameters of the Higgs
sector are discussed in Sec. 1.5.1.

Note that the mediation of Supersymmetry breaking through the flavour-depending grav-
itational interaction may give rise to important flavour violating terms in the Lagrangian
at low energy, i.e. important flavour changing neutral currents (FCNC). Being in contrast
to current measurements this fact is often called the “flavour problem” in Supersymmetry.
However, rather stringent constraints can be imposed on the flavour breaking elements of the
Lagrangian. For a detailed discussion of flavour violation in the MSSM see Secs. 1.6, 2.3, and
2.4.
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1.4.3 Gauge Mediated Supersymmetry Breaking

Gauge-mediated SUSY breaking (GMSB) [39-42] is a second attractive scenario, that presents
a quite different phenomenology. As the name indicates, Supersymmetry breaking is medi-
ated to the visible sector through the usual gauge interactions, whereas gravity-mediated
contributions are suppressed. This is realized by introducing an additional messenger sec-
tor, containing a chiral superfield S as well as n, quark-like and n; lepton-like messenger
fields. The scalar and auxiliary components of the superfield S acquire vacuum expectation
values (S) and (Fg). Through Yukawa couplings to S the messenger fields acquire a mass
Mnes ~ (S), while (Fs) generates the mass splitting of the messenger fields. The two vacuum
expectation values are usually re-expressed in terms of an effective Supersymmetry breaking
scale, A = (Fs)/(S). The gauge interactions being flavour-blind, minimal GMSB provides
a natural suppression of flavour violation in the MSSM and thus an attractive possibility to
avoid the “flavour-problem” arising e.g. in minimal supergravity.

The soft Supersymmetry breaking terms are generated through virtual loops of messen-
gers. The gaugino masses stem from one-loop diagrams, while the scalar masses are due to
two-loop diagrams. At the messenger scale M5, the corresponding expressions read

i (Mpes)
M; = —SESIN N5 + 3Ny), 1.1
41 g(MmeS) ( ° +3 10) ( 9)
A\ = a2 (Mies)
2 _ 2 i mes) i
mZ = 2(N5+3Nip)A f< mos) §':1: o2 O (1.20)

where the Cji- are Casimir invariants and N; the multiplicity of the messengers in the 5 + 5
and 10 + 10 vector-like supermultiplets. The threshold functions

flz) = 1;-23: [log(l +x) — 2L121 j:_ - + %thi—wa}] + {w — —x}, (1.21)
g(x) = % [(1 + ) log(1 + 3:)] + {z — —z}, (1.22)

are of the order of one for x € [0;1], i.e. for the relevant region where A < My,es. Note
that configurations with A > M, do not lead to physical solutions of the renormalization
group equations. Since the trilinear couplings are generated at the two-loop level, they can
be neglected with respect to the masses generated by one-loop diagrams, so that

a, = ag = a, = 0 (1.23)

at the messenger scale.

The phenomenology of the minimal GMSB model is then determined by the effective Su-
persymmetry breaking scale A, the messenger mass scale M5, and the numbers of messenger
fields, n, and n;. The Higgs sector is again parametrized by the ratio of the vacuum expec-
tation values of the two Higgs doublets, tan 3, and the sign of the higgsino mass parameter,
sgn(i). Another free parameter is the gravitino mass mg, that is related to the Supersym-
metry breaking scale (F') as shown in Eq. (1.14). However, the suppression of gravity with
respect to gauge interactions implies that the gravitino is the lightest supersymmetric particle.
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1.5 Mass Eigenstates of the MSSM

An important feature of Supersymmetry is the mixing of supersymmetric particles. When
SU(2)xU (1) is spontaneously broken, particles having equal quantum numbers mix, as do also
the neutral B° and W° bosons in the Standard Model. Thus, the gauge eigenstates presented
in Tab. 1.1 are not the mass eigenstates of the theory, the latter being superpositions of gauge
eigenstates having equal quantum numbers. In the following, the particle mixing between
gauge and mass eigenstates and the resulting mass spectrum of the MSSM is discussed.

1.5.1 Higgs Sector

As already mentioned above, two complex Higgs doublets, H, and H;, are needed in Su-
persymmetry. They couple, and thus give mass, to the up- and down-type (s)quarks and
(s)leptons, respectively. Limiting the MSSM to only one doublet would spoil the cancellation
of chiral anomalies, since the sum of the hypercharges of all chiral fermions should be zero.
Another reason for the presence of the second doublet is that the superpotential should only
involve the superfields and not their conjugates, which cannot be fulfilled with one single
doublet.

After rotating away the vacuum expectation values of the charged Higgs fields using
SU(2)r gauge transformations, i.e. after setting (H, ) = (H;) = 0, the scalar potential of
the MSSM can be written as

Vo= (lul®+mb ) H)* + (Jul* +m,) |HI? — b(HJH] + h.c.)
1
5 (6 + ) (H) ~ 1HP) (1.24)

where the parameter b can be chosen to be real and positive. The neutral components of
the Higgs fields develop vacuum expectation values (HY) = v, /v/2 and (HY) = vq/v/2. Their
ratio is traditionally denoted

Uy (HY)

tanfs = — = u
v Vd (HY)

(1.25)

with 3 € [0;7/2]. This nomenclature anticipates the fact that the so introduced angle 8 will
turn out to parametrize the rotation of the gauge eigenstates into the mass eigenstates. The
variable tan 3 is one of the key parameters of the Higgs sector and the phenomenology of the
whole MSSM.

In order to provide electroweak symmetry breaking, the potential in Eq. (1.24) has to
present a minimum. It can be shown that this is the case if the conditions

(\u\2+m%{u)+(lul2+m%d) > 2b and (]u]2+m%u)(]u]2+m%d) < b (1.26)

are satisfied simultaneously. It is interesting to note that this cannot be achieved in exact
Supersymmetry, where m%,u = m%,d, and therefore electroweak symmetry breaking automat-
ically also implies Supersymmetry breaking.

The two complex Higgs doublets contain eight real scalar degrees of freedom. After
electroweak symmetry breaking, three of them become the massless Nambu-Goldstone bosons
GY and G*, that are absorbed by the electroweak gauge bosons that become massive. The

remaining five scalar degrees of freedom correspond to physical particles: two C P-even neutral
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(h, H®), two charged (H*), and one C' P-odd (A°) Higgs boson. These are related to the
gauge eigenfields through

( ig ) - \/§< 22; _sicﬁsﬁﬂ > ( g}%% > (1.27)
<g'+*> N < ifig _si?sgﬁ ) ( ;g > (1.28)
(i) = (oo o) (R Zw) o

The masses of the five physical Higgs bosons are obtained by expanding the potential around
its minimum. At the tree level, they are given by

1
mquo = 3 <m?4 +m% F \/(m?4 + m2Z)2 — 4m?m? cos 2[3) , (1.30)
2b
2
= — 1.31
ma sin 23’ (1.31)
mys = mi+miy, (1.32)

while the mixing angles a € [—7/2;0] and (3 are related through

tan 2« m% +m?% sin 2a mio + quo
= 45— and - = 35— (1.33)
tan 20 my —my sin 23 Mo — Mo

Note that only two variables are needed to parametrize the Higgs sector at the tree level, e.g.
ma and tan . For more detailed reviews of electroweak symmetry breaking and the Higgs
sector in the MSSM, see e.g. Refs. [43-46].

1.5.2 Gaugino Sector

When SU(2) x U(1) is spontaneously broken, the neutral higgsinos, bino, and wino mix,
resulting in the four neutralinos )Z? (i = 1,2,3,4). The corresponding mass matrix is given

M 0 —mysw cos B mygsy sin
0 Moy myew cos 3 —mygey sin 8
R 1.34
Mo —mygsw cos 3 myey cos 0 — ’ (1.34)
myswsinf  —myew sin — 0

where sy = sin 0y and ¢y = cos Oy . Its diagonalization involves the unitary matrix N and
leads to four neutral mass eigenstates, the neutralino fields

0 = NaB° + NpW° + NisHY + N HY, (1.35)

while the mass eigenvalues, by convention ordered according to mgo < ... <mgo, are obtained
through

. * —1
dlag(mﬁ,mgg,mig,mﬁ) = N*MpN™. (1.36)
In the context of neutralino dark matter, it is useful to introduce the gaugino and higgsino
fractions of the lightest neutralino, usually defined as fg = |[N11|? + [N12|? and fy = [Ni3]? +
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|NM14]2. The lightest neutralino is then called “gaugino-like” if fg > 0.5 and “higgsino-like” if
fm > 0.5, its nature influencing the coupling strenghts to gauge and Higgs bosons.

In the same way, the charged higgsinos and winos also mix, resulting in four charginos )ch
(i =1,2). In contrast to the neutralino case, the chargino mass matrix

_ Mo V2myy sin 8

is asymmetric, so that two unitary matrices U and V are needed for its diagonalization. The
mass eigenvalues, ordered according to Mex < Mgk, are then given by
1 2

. -1
dlag(mxli,mﬁ) = UMV (1.38)
while the chargino mass eigenstates are obtained through
o . \T = = \T b -\T s T

(Xl,Xz) = U (W ,Hd) and (vaX;) =Y (WJF,HJ) . (1.39)
Being the superpartner of the gluon, the gluino is the only fermion in a colour octet
and therefore cannot mix with other particles. In models with minimal supergravity or gauge
mediated Supersymmetry breaking, and up to one-loop level, its mass parameter Mj is related

to the ones of the bino and wino at any scale through
My My, M

93 g2 41

where the g; denote the coupling constants of the three gauge groups. This relation implies
that the gluino is usually much heavier than the other gauginos. This is yet emphasized by
the fact that the gluino is strongly interacting, and the dependence of M3 on the energy scale
is therefore more important than those of My and Mo.

Note that the neutralinos and the gluino are, in contrast to the charged charginos, Majo-
rana fermions. The matrices NV, U, and V naturally appear in the expressions for the couplings
of neutralinos and charginos, respectively.

(1.40)

1.5.3 Sfermion Sector

In the sfermion sector, the mass eigenstates are superpositions of the left- and right-handed
sfermions gauge eigenstates. Assuming constrained minimal flavour violation, the squared
mass matrix for each sfermion flavour is given by

]\4g mef
M2 = Ly o ) (1.41)
f ( mef Mf%f

Denoting My, Mz, MQ, Mg, and M, the soft Supersymmetry breaking mass terms for left-
and right-handed sleptons and squarks, and mg, my, €4, €, Tg’ and Tlg the mass, electric
charge, and weak isospin quantum number of the squarks ¢ and leptons [, the diagonal entries
are given by

2 2 2 2 (3 .2
Miq = MQQ + mg +mz (T, — egsin® Oy ) cos 20, (1.42)
MI% = M(% + mg + m2Zeq sin? Oy cos 23 for up — type squarks, (1.43)
q q
MI% = M% + mg + m2Zeq sin? By cos 23 for down — type squarks, (1.44)
q q

10
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for squarks (¢ = u,d, ¢, s,t,b) and by

M = mj +mj+my (T} — esin’Ow) cos 28, (1.45)

M}%l = m% + ml2 + m2Zel sin? Oy cos 213, (1.46)

for sleptons (I = e, ve, i, vy, T,v7). The helicity mixing is generated by the off-diagonal ele-
ments
cot 3 for up — type sfermions,

X, = A% — 1.47
f ek { tan 3 for down — type sfermions, ( )

involving the trilinear couplings Ay.

Note that helicity mixing is proportional to the associated fermion mass, so that the
off-diagonal elements are usually neglected for the first and second generations of sfermions.
Mixing between the interaction eigenstates is then only relevant for the third generation, i.e.
the tau slepton as well as the bottom and top squarks. In order to obtain the physical mass
eigenstates, the mass matrix is diagonalized by a unitary matrix RY according to

diag(m% ,m%) = RIMRIT  and  (fi, /)" = R/ (f1. fr)" (1.48)

where by convention m 7 <mg,. The mass eigenvalues themselves are at the tree level given
by

1 2
2 _ L1/, 2 2 g2 2 y2
mk = 2(MLf+MquE\/(MLf M3 ) +4mef) (1.49)

and the diagonalizing matrix can be expressed in terms of a mixing angle 6 Fe [0; /2],

: cos@; sinf; 2m ¢ X
RS = ( e f) with  tan20; = —JS (1.50)
_ ~ ~ f 2 72
Slan cosef Mif MRf

In the absence left-handed eigenstates, no diagonalizing matrix is necessary for sneutrinos. A
more detailed discussion of the squark sector including the possibility of flavour violation is
given in the following Section.

1.6 Flavour Violation in the Squark Sector

The squark mass matrices are usually expressed in the super-CKM basis [47]. At the weak
scale, their squares are given by

MEoOARE ARL [ muXe AR AR
Aff ME AR | ARE meXe Afy
e o | A AT MEo|ARD ARL X -

T ml Xy AR AR My ARk A -
Afl meX: AFL | ARR ME Ay

tuk tex * tuk tex 2
AR Afr X | AgRr  Arr Mgt

11
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and

MEOAfL AR [maXs Ay Afh
sz AR | Ag mx. A
N NN Ve R N U R o
Ma = maX;  AfL AR M}%d Afr Atk (152)
A ms XD AR, | ARR Mf}S A¥r
ATR AR meXp | ARR ARL ME

for up- and down-type squarks, respectively. The expressions of their diagonal entries M%
q

and M}% as well as the squark helicity mixing elements X, are given in Eqs. (1.42) — (1.44)

q

and Eq. (1.47), respectively.

In the Standard Model, the only source of flavour violation arises through the rotation
of the quark interaction eigenstates into the basis of physical mass eigenstates. This rota-
tion diagonalizes the quark Yukawa matrices and renders the charged-current interactions
proportional to the unitary CKM-matrix [48,49]. In the super-CKM basis, the squark eigen-
states undergo the same rotations at high energy scale as their quark counterparts, so that
their charged-current interactions are also proportional to the Standard Model CKM-matrix.
However, different renormalizations of quarks and squarks introduce a mismatch of quark
and squark field rotations at low energies and lead to additional flavour violation at the weak
scale through renormalization group running [50-53]. In minimal flavour violating (MFV)
Supersymmetry, the flavour violating non-diagonal entries Agf, stem only from the trilinear
Yukawa couplings of the fermion and Higgs supermultiplets, and can therefore be deduced
from the CKM-matrix. In the “usual” MSSM, these are often neglected. In the so-called
constrained minimal flavour violation (¢cMFV) models, the off-diagonal entries Aggl are then
set to zero.

However, when embedding Supersymmetry in larger structures such as grand unification
theories (GUTSs), new sources of flavour violation can appear [54]. For example, local gauge
symmetry allows for R-parity violating terms in the SUSY Lagrangian, but these terms are
today severely constrained by proton decay and collider searches. Additional sources of flavour
violation are included in the squark mass matrices at the weak scale. In contrast to MFV | their
flavour violating off-diagonal entries cannot be deduced from the CKM-matrix alone. Non-
minimal flavour violation (NMFV) is therefore conveniently parametrized in the super-CKM
basis by considering the elements Ag]ql of the squared squark mass matrix as free parameters.
They are usually normalized to the diagonal entries according to

AM = X (1.53)

so that NMFV is governed by 24 dimensionless variables )\g;-]l [55]. Note that SU(2) gauge

invariance relates the Agqu of up- and down-type squarks through the CKM-matrix, implying
that a large difference between them is not allowed.

To diagonalize the mass matrices M% and M?Z’ a generalization of the rotation matrices

to two 6 x 6 matrices R% and RY is now required. The mass eigenstates are then obtained

12
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through
dlag(mul,miQ,miS,mi4,mi5,mi ) = R&M%R&T, (1.54)
dlag(m mfl ,mfl ,mfl ,mfl ,mfl ) = RdeZRdT, (1.55)

where the masses are now ordered by convention according to mg, < ... < mg, for ¢ = u,d.
The physical mass eigenstates are given by

~ ~ ~ -~ < .\T i (~ ~ 7 ~ ~ T
(U1,’LL2,'LL3,’LL4,'LL5,U6) = R" (uLycLytLyuRchvtR) ) (156)
R

(Czl,dz,dg,Ch,CZs,JG)T ~ R (CZL,§L75L765R,§R75R)T- (1.57)

All relevant, i.e. squark-involving, couplings then have to be generalized, involving the rotation
matrices R% and R?. For a listing of couplings in non-minimal flavour violating Supersymme-
try, see App. A. In the limit of vanishing off-diagonal parameters Agjq (or )\gf ) the matrices

RI become again flavour-diagonal, leaving only the well-known helicity mixing already present
n (c)MFV. For a detailed review of flavour violation in the MSSM, see e.g. Ref. [56].

1.7 R-Parity and Dark Matter

Originally motivated by the non-observation of proton decay, that might become possible
within Supersymmetry, an additional symmetry has been introduced into the MSSM. This
so-called R-parity is related to baryon and lepton number conservation and is for each particle
defined as

Pp = (_1)3(B—L)+25 _ +1 for Standard Model particles, (158)
-1 for their superpartners,

where B and L denote the baryon and lepton numbers, respectively, and s the spin of the
particle.

Within this work, we suppose the MSSM to conserve R-parity, which leads to important
implications®. As a first consequence, only vertices with a pair number of supersymmetric
particles are allowed. The latter can then only be produced by pairs and may decay only
into final states containing an odd number of superpartners. As a further consequence, the
lightest supersymmetric particle (LSP) cannot decay and must therefore be stable.

As discussed above, the Standard Model has no particle that can account for the cold Dark
Matter in our Universe. In Supersymmetry, a natural candidate for this purpose is the stable
LSP [57]. Additionally, in order to be a viable candidate, it has to be electrically neutral and
a colour singlet. Therefore, a supersymmetric scenario may be ruled out, if it does not include
a cosmologically suiting LSP. Promising Dark Matter candidates are the lightest neutralino
%Y, which is the LSP in a wide range of the cMSSM or mSUGRA parameter space, or the
gravitino G, which is the LSP in scenarios with gauge-mediated Supersymmetry breaking
(GMSB) and can, depending on its mass, be either cold, warm, or hot Dark Matter.

ZNevertheless we should note that R-parity violation also leads to an interesting phenomenology, in partic-
ular in connection with neutrino physics.

13
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1.8 Beyond the Minimal Model

Although Supersymmetry, and in particular the MSSM presented above, addresses success-
fully the hierarchy problem by stabilizing the Higgs mass due to the new scalar loop contri-
butions, leads to unification of the gauge couplings [58], and includes a suitable candidate
for cold Dark Matter [57], several open questions remain, leading to the assumption that the
minimal MSSM should be extended in one or several sectors. As a first example, the “favour
problem” can conveniently be addressed by considering gauge-mediated instead of gravity-
mediated Supersymmetry breaking or by including the possibility of non-minimal flavour
violation as discussed in Sec. 1.6.

Another question arises through the Supersymmetry conserving higgsino mass parame-
ter u, that appears in the scalar potential of Eq. (1.24) together with the Supersymmetry
breaking masses mpy, and mpy,. The two mass scales should then lie within a few orders
of magnitude with respect to the electroweak scale, whereas they are a priori unrelated. A
possible solution to this so-called “p-problem” consists of introducing an additional gauge
singlet [59,60]. In those next-to-minimal Supersymmetric Standard Models (NMSSM), the
pu-term is absent at the tree-level before Supersymmetry breaking and arises only from the
vacuum expectation values from the new field. Recently, an NMSSM scenario based on
gauge-mediated Supersymmetry breaking has been proposed [61].

Further examples of Supersymmetric models beyond the MSSM are the C'P-violating
MSSM [62], that includes explicit or spontaneous C P-violation in order to address the “strong
C P-problem”, or models with R-parity violation [63]. Except for the inclusion of non-minimal
flavour violation in the squark sector, these models are, however, beyond the scope of this
Thesis.

14
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Chapter 2

Constraints and Benchmark Points
for the MISSM

The Minimal Supersymmetric Standard Model (MSSM) depends on 124 a priori free soft
Supersymmetry-breaking parameters at the electroweak scale, that are often restricted to a
few universal parameters imposed at the unification scale. In the absence of direct experi-
mental evidence for supersymmetric particles, a large variety of data can be used to constrain
the parameter space of the MSSM both at the weak and the high scale.

Mass limits for superpartners of Standard Model particles can be obtained from searches
of charginos, neutralinos, gluinos, stops and other squarks, and sleptons at colliders. In Tab.
2.1 the current most important lower limits are summarized, obtained from different measure-
ments or combinations of measurements [64]. Note that all of these limits have been obtained
assuming a neutralino LSP in the mSUGRA case, R-parity conservation, and constrained
minimal flavour violation (cMFV). Further constraints on the MSSM parameter space can be
obtained through electroweak precision, low-energy, and cosmological constraints. The first
ones are particularly important in the case of non-minimal flavour violation, while cosmology
is less sensitive to flavour mixing, but may involve parameters from outside the MSSM.

In this Chapter, we first discuss the different constraints that can be imposed on the MSSM
including non-minimal flavour violation (NMFV). Based on systematic scans of the parameter
space, we then work out benchmark scenarios for minimal supergravity (mSUGRA) and gauge
mediation (GMSB) scenarios, that allow for non-minimal flavour violation as discussed in Sec.
1.6 [65,66].

2.1 Low Emnergy and Electroweak Precision Constraints

For non-minimal flavour violation (NMFV), rather strong constraints can be obtained from
low-energy and electroweak precision observables. Upper limits from the neutral kaon sector,
on B- and D-meson oscillations, various rare decays, and electric dipole moments can be used
to impose constraints on non-minimal flavour mixing in the squark and slepton sectors. In
several works [55,68-70], rather complete analysis have been performed. The obtained limits
on the flavour mixing parameters )\g;-]/ are summarized in Tab. 2.2, pointing out that only
mixing between the second- and third-generation squarks can be substantial, and this only in
the left-left or right-right chiral sectors. Note that in gravity mediation models the latter is
disfavoured by its scaling with the Supersymmetry-breaking mass [54].
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Neutralinos mgo > 36 — 59 GeV | in mSUGRA from combined LEP2 results
mgo > 93 GeV in GMSB from combined LEP2 results
mgo > 59 GeV in mSUGRA from combined LEP2 results
Charginos My > 45 — 85 GeV | in mSUGRA from Z width and comb. LEP2 results
My > 150 GeV in GMSB from D@
Stop mg, > 95 — 96 GeV | in mSUGRA from combined LEP2 results
Sbottom my > 96 GeV in mSUGRA from combined LEP2 results
Other squarks mg > 300 GeV for gluinos of equal mass from CDF
Selectron me, > 99 GeV in mSUGRA from combined LEP2 results
Smuon mpg, > 95 GeV in mSUGRA from combined LEP2 results
Stau mz > 80 — 86 GeV | in mSUGRA or GMSB from combined LEP2 results
Sneutrino my, > 43 GeV from measurements of the Z width
Gluino mg > 195 GeV for any squark masses from CDF
Gravitino me > 1.1 10~ eV | for heavy sparticles from CDF
mg > 1.3-107° eV | for mg, mg ~ 200 GeV from Ref. [67]

Table 2.1: Current limits at 95% confidence level for supersymmetric particle masses, as
given in Ref. [64], and assuming constrained minimal flavour violation and R-parity conserva-
tion. Note that some of the limits depend on the imposed Supersymmetry breaking scenario
and mass hierarchies at the electroweak scale.

In this study, we take implicitly into account all of the previously mentioned constraints
by restricting ourselves to the case of flavour-mixing between the second and third generation
squarks and consequently to only one real NMFV-parameter. Depending on the sector that
includes flavour violation, this parameter is either

ML= AN =ML or Arr = A%k = AR, (2.1)

while all other /\gqu are zero, respectively. Allowed regions for this parameter are then ob-
tained by imposing explicitly a number of low-energy, electroweak precision, and cosmological
constraints. Note that the equality /\iILRR = )\itLRR is justified by the fact that SU(2) gauge
invariance relates these values and implies that a large difference between them is not allowed.

A rather stringent constraint comes from the theoretically robust inclusive branching ratio

BR(b— svy) = (3.55+0.26)-107%, (2.2)

obtained from the combined measurements of BaBar, Belle, and CLEO [71], which affects
directly the allowed squark mixing between the second and third generation. The above
limit is imposed at the 20 confidence level on the two-loop QCD / one-loop SUSY-QCD
calculation [70,72]. Like the Standard Model contributions, squarks enter the calculation
of this branching ratio already at the one-loop level, so that its dependence on the NMFV-
parameters Arr, and ARg is rather important.

A second important consequence of NMFV in the MSSM is the generation of large split-
tings between squark mass eigenvalues. The splitting within the isospin doublets influences
the Z- and W-boson self-energies at zero momentum Xz y7(0) in the electroweak p-parameter

Ay = 220 Zw(0 23)

2 2
my myy
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q¢ /ij | LL LR RL RR |
12 1.4-1072 9.0-10° 9.0-10° 9.0-1073
13 9.0-107%2 1.7-1072 1.7-1072 7.0-107?
23 1.6-107" 4.5-107% 6.0-107% 2.2-107!

Table 2.2: The 95% probability bounds on the NMFV-parameters \)\gj‘»},] for down-type
squarks obtained in Ref. [68].

and consequently the W-boson mass myy and the squared sine of the electroweak mixing angle
sin? @yy. The latest combined fits of the Z-boson mass, width, pole asymmetry, W-boson,
and top quark mass constrain new physics contributions to T'= —0.13 £ 0.11 [64] or

Ap = —aT = (1.02+0.86) -107° (2.4)

for a='(mz) = 127.918. This value is then imposed at the 20-level on the one-loop NMFV
and two-loop cMFV SUSY calculation [73].

The anomalous magnetic moment of the muon a, = (g,—2)/2 represents a third observable
that is sensitive to SUSY loop contributions. Recent BNL data and the Standard Model
prediction disagree by [64]

Aagy = af® —ap™ = (29.2£86)-107"0. (2.5)
We take into account SM and MSSM contributions up to two loops [74,75] and require them
to agree with the region above within two standard deviations. Here, squarks are involved
only at the two-loop level, so that their contribution is suppressed with respect to the slepton
one-loop diagrams. Concerning our analysis within non-minimal flavour violation, we should
note that the one-loop SUSY contributions are approximately given by [76]

100 GeV 2
aSUSY:1-loop 13-10—1(](76) tan (3 sgn(p), (2.6)
Msusy

if the relevant SUSY particles have a common mass Msysy. In consequence, negative values
of 1 then increase, not decrease, the disagreement between the experimental measurements
and the theoretical SM value of a,, so that the region p < 0 is strongly disfavoured in all
supersymmetric models.

2.2 Cosmological Constraints

As already mentioned in the previous Chapter, Supersymmetry provides an interesting can-
didate for the cold dark matter in our Universe. It is the lightest supersymmetric particle
(LSP), which is stable if R-parity is conserved. In order to have a suitable candidate for
non-baryonic cold dark matter (WIMP), it is first of all required to be electrically neutral
and a colour singlet [57].

Since we can then compute the relic abundance of the lightest supersymmetric particle for a
given scenario, the calculation of the relic density Qcpah? allows to put additional constraints
on the MSSM parameter space with respect to collider, low-energy, and electroweak precision
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data. Cosmologically (dis)favoured regions are identified by comparing to the rather narrow
interval
0.095 < Qcpmh? < 0.136. (2.7)

This limit at 20 (95%) confidence level has recently been obtained from the three-year data
of the WMAP satellite, combined with the SDSS and SNLS survey and Baryon Acoustic
Oscillation data and interpreted within an eleven-parameter inflationary model [77], which
is more general than the usual six-parameter “vanilla” concordance model of cosmology.
Note that this range is well compatible with the older, independently obtained range of
0.094 < Qcpvh? < 0.129 [78].

2.2.1 Neutralino Dark Matter

One natural candidate for cold dark matter within supersymmetric models is the lightest of
the four neutralinos. It is only gravitationally and weakly interacting and massive enough to
account for the cold dark matter density observed in our Universe. In particular in models
with minimal supergravity, the LSP is usually a neutralino.

The evolution of the number density of the relic particle with mass my is governed by the

Boltzmann equation
dn 9 9
i —3Hn — (aannv>(n — neq), (2.8)
where the first term on the right-hand side corresponds to a dilution due to the expansion
of the Universe, and the second one to a decrease due to annihilations and coannihilations.
Here, H denotes the Hubble expansion parameter and nq the density of the relic particle in
thermal equilibrium. Knowing the effective (co)annihilation cross section o,py, the Boltzmann
equation can be integrated numerically from ¢ = 0 (Big Bang) to ¢t = ¢y (today). The energy
density of the relic particle with mass my is then directly proportional to the present number
density ny,
mgn 1
Qepwh? = X2 « , (2.9)
Pec (Uannv>

Pe = 3H02 /(8mGx) being the critical density of our Universe, Hy the present Hubble parameter,
and Gy the gravitational constant [79].

The effective cross section .., involves all annihilation and coannihilation processes of
the relic particle into Standard Model particles. The notation (,n,v) stands for the thermal
average of the cross section multiplied by the relative particle velocity v, which can in the
case of neutralino pairs and for a given temperature T be calculated by [80,81]

1
4Tm§K22(m>2/T)

(CannV) = /ds $05(s)K1(V$/T)0ann(s) = /ds fo(8) oann(s). (2.10)
Here, K71 and K5 denote the modified Bessel functions of the first and second kind, respec-
tively, By the neutralino velocity, and oann(s) is the annihilation cross section as a function
of the squared centre-of-momentum energy s. The most important processes contributing
to Oann are those that have two-particle final states and that occur at the tree level [82].
In the case of neutralino (co)annihilation, possible final states include those with fermion-
antifermion pairs as well as with combinations of gauge (W*, Z°) and Higgs (h°, H?, A°,
H i) bosons, depending on the region of the parameter space. Processes producing fermions
or antifermions may be detectable either directly or through their annihilation into photons.
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In addition, these channels are always open (for b-quarks if mgo > 4.5 GeV) in contrast to
the other channels, which may be suppressed or even closed [79,82].

Several public codes perform a calculation of the cold dark matter relic density within
supersymmetric models. The most developed and most popular ones are DarkSUSY [83] and
micrOMEGAs [84]. All relevant annihilation and co-annihilation processes are implemented in
these codes, but for most of them no (or at least not the full) higher order corrections are
included. For a compilation of all contributing processes see e.g. Ref. [79]. A more detailed
discussion of processes with quarks in the final state is given in Chaps. 3 and 4.

2.2.2 Gravitino Dark Matter

Another promising candidate for the cold dark matter in our Universe is the gravitino, that
is present in local supersymmetric theories and acquires its mass through the super-Higgs
mechanism. In certain scenarios, in particular in the case of gauge-mediated Supersymmetry
breaking (GMSB), the gravitino is the lightest supersymmetric particle. Depending on its
mass, the gravitino can account either for cold (mg 2 100 keV), warm (1 keV < mga <
100 keV), or hot (mg < 1 keV) dark matter. The constraints for gravitino dark matter are
similar, while somewhat more complex, than in the neutralino case.

Today’s gravitino abundance in our Universe has two contributions. First, gravitinos

are produced by thermal scattering in the very early Universe. Their corresponding energy

density [85-87]
T 100 GeV ms O\ 2
thp2 R g
QGh o 0'27<1010 Ge\/ > < 77&@ ) <1 TeV) (2.11)

involves the gluino mass my at low energy and the reheating temperature Tr. The latter is
the temperature of the Universe after inflation, for which at present no convincing constraints
exist. However, values of Tr = 10° GeV are preferred in scenarios that feature leptogenesis
in order to explain the cosmic baryon asymmetry [88,89].

Second, there is non-thermal production through decay of the next-to-lightest supersym-
metric particle (NLSP) into the gravitino. As each NLSP will decay into its Standard Model
partner and one gravitino, the resulting gravitino energy density can be obtained through

Qnéon_thh2 - é QNLSPh27 (212)

where Qlt\}fLSP h? is the thermal freeze-out relic density the NLSP would have if it did not decay.
The calculation of Qf\]?LSPhQ can be done in the same way as for the neutralino, i.e. by solving
the Boltzmann equation (2.8). This can be done numerically for any NLSP using the public
code micrOMEGAs, whereas DarkSUSY is only adapted to the neutralino case. Note that for low
values of m and high reheating temperatures Tk thermal production dominates, whereas for
high values of mg it is negligible with respect to the contribution from NLSP decay.

Of course, as in the neutralino case, to be a viable candidate for cold dark matter the
total energy density of the gravitino should be within the experimental limits in Eq. (2.7),
or at least not exceed the upper limit!. Since for a given supersymmetric scenario Qéh2 =
leh2 + ngn_thh2 does not only depend on mg but also on the reheating temperature, we
can put upper limits on the latter by evaluating the gravitino relic density.

!Note that, in GMSB models with gravitino warm or hot dark matter, the lightest messenger particle can
play the role of cold dark matter required by the constraints coming from large structure formation.
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Another constraint for scenarios with gravitino dark matter arises from the fact that
the NLSP can spoil the abundances of light elements in our Universe, such as Li, if it does
not decay rapidly enough [86]. The lifetime of a supersymmetric particle decaying into its
Standard Model partner and a gravitino is given by the inverse of the corresponding decay
rate,

5 2 \4

Taisp = - /NLsp <1 ~ e ) . (2.13)
48w M5 m & MYLsp

Given the cosmological uncertainties, we have here neglected any flavour violation and super-

symmetric particle mixing, which only would have minor effects on the resulting limits for

the gravitino mass. Inserting the value of the reduced Planck mass Mp = /87Gn, Eq. (2.13)

can be rewritten as

LTeV\°( mg \? me \
— (6.1-10° g ) i
™isp = S)<mNLSP> (100 GeV> ( m12\ILSP> .

In order to preserve the abundances of the light elements, that are well explained by primordial
nucleosynthesis, the lifetime of the NLSP should be shorter than 7nrsp < 2- 103 seconds [86].
In consequence, this last constraint favours scenarios having a light gravitino and/or a heavy
NLSP. Note that this might enter in conflict with the thermal production preferring a rather
high reheating temperature and therefore also a rather high gravitino mass, as can be seen
from Eq. (2.11).

2.3 Non-Minimal Flavour Violation in mSUGRA Scenarios

The previously discussed experimental limits are now imposed on the constrained Minimal
Supersymmetric Standard Model (¢cMSSM), or minimal supergravity (mSUGRA) model, with
five free parameters mg, my 2, Ao, tan 3, and sgn(u) at the grand unification scale. Since our
analysis depends very little on the trilinear coupling Ay, we set it to zero in the following. For
the ratio of the Higgs vacuum expectation values, we fix a small (tan 5 = 10), intermediate
(30), and large (50) value. The impact of the sign of the off-diagonal Higgs mass parameter
w is investigated for tan 8 = 10 only, before we set it to p > 0 for tan 3 = 30 and tan 5 = 50.

With these boundary conditions at the grand unification scale, we solve the renormaliza-
tion group equations numerically to two-loop order using the computer programme SPheno
2.2.3 [90] and compute the soft SUSY-breaking masses at the electroweak scale with the
complete one-loop formulas, supplemented by two-loop contributions in the case of the neu-
tral Higgs bosons and the u-parameter. At this point we generalize the squark mass matrices
as described in Sec. 1.6 in order to account for flavour mixing between the second- and
third-generation squarks, diagonalize these mass matrices, and compute the low-energy and
electroweak precision observables with the computer programme FeynHiggs 2.5.1 [91]. As
already mentioned, flavour violation in the right-right chiral sector is here disfavoured due to
the scaling of the flavour-violating entries Aggl with the Supersymmetry breaking scale, im-
plying a hierarchy Ary, > Apgrrr > Agrr [54]. Within mSUGRA, we therefore concentrate
on flavour mixing in the left-left sector, implemented through the parameter Ary, while Agr
is set to zero. The neutralino relic density is computed by a modified version of DarkSUSY
4.1, that takes into account the six-dimensional squark helicity and flavour mixing. For the
Standard Model input parameters, we use the current values of Ref. [64], summarized in App.
B.
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Ay=0, tanB=10, u<0, A=0 A,=0, tanB=10, 1<0, A=0.03
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Figure 2.1: The mg-my/; planes for tan 8 = 10, Ap = 0, u < 0, and Ay, = 0, 0.03, 0.05,
and 0.1. We show WMAP favoured (black) as well as b — s (blue) and charged LSP (beige)
excluded regions of the mSUGRA parameter space in constrained minimal (Ar;, = 0) and
(non-)minimal (A, > 0) flavour violation.

2.3.1 Scans of the mSUGRA parameter space and benchmark points

Typical scans of the cMSSM parameter space in mg and my j, with a relatively small value of
tan 0 = 10 and Ay = 0 are shown in Figs. 2.1 and 2.2 for © < 0 and p > 0, respectively. All
experimental limits described in Secs. 2.1 and 2.2 are imposed at the 20-level. As expected,
the b — sv excluded region depends strongly on flavour mixing, while the regions favoured
by (g —2), and the dark matter relic density are quite insensitive to variations of the NMFV
parameter Arr,. Ap constrains the parameter space only for very heavy scalar masses mg >
2000 GeV and heavy gaugino masses my/; > 1500 GeV, so that the corresponding excluded
regions are not shown. In addition to the fact that pu < 0 is strongly disfavoured due to Aay,
the measured b — sy branching ratio excludes virtually all of the region favoured by the
dark matter relic density, except for very high SUSY masses. We therefore do not consider
negative values of p in the rest of this analysis.

In Figs. 2.3 and 2.4, we show the mg-m, 5 planes for larger tan 3, namely tan 8 = 30 and
tan 8 = 50, and for p > 0. The regions which are favoured both by the anomalous magnetic
moment of the muon and by the cold dark matter relic density, and which are not excluded
by the b — sv measurements, are stringently constrained and do not allow for large flavour
violation.

We now inspect the mg-m;/; planes in Figs. 2.2 — 2.4 for mSUGRA scenarios that are
allowed /favoured by low-energy, electroweak precision and cosmological constraints, and that
permit non-minimal flavour violation among left-chiral squarks of the second and third gen-
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Figure 2.2: The mg-m, ; planes for tan 8 = 10, Ag = 0, > 0, and A, = 0, 0.03, 0.05, and
0.1. We show a,, (grey) and WMAP favoured (black) as well as b — s (blue) and charged LSP
(beige) excluded regions of the mSUGRA parameter space in constrained minimal (A, = 0)
and (non-)mininal (Arr, > 0) flavour violation.

eration up to Ap, < 0.1. Additionally, we require them at the same time to be “collider-
friendly”, i.e. to have relatively low values of mo and m;/. Our choices are presented in
Tab. 2.3, together with the nearest pre-WMAP Snowmass Points (and Slopes, SPS) [92,93]
and the nearest post-WMAP scenarios (BDEGOP) proposed in Ref. [94]. The benchmark
scenarios are also valid in (constrained) minimal flavour violation. We have also verified that
in the case of MFV the hierarchy A%qL, < A?fg,RL < Aqul; and the equality A\j% = A, are
still reasonably well fulfilled numerically with the values of )\ili ~ A} ranging from zero to
5-1073...1-1072 for our different benchmark points.

Starting with Fig. 2.2 and tan 3 = 10, the bulk region of equally low scalar and fermion
masses is all but excluded by the b — s branching ratio. This leaves as a favoured region first
the so-called focus point region of low fermion masses m; /5, where the lightest neutralinos are
relatively heavy, have a significant higgsino component, and annihilate dominantly into pairs
of electroweak gauge bosons. Our benchmark point A lies in this region, albeit at smaller
masses than SPS 2 (mg = 1350 GeV, m;/, = 300 GeV) and BDEGOP E’ (mg = 1530 GeV,
my /5 = 300 GeV), which lie outside the favoured region by (9 —2), and lead to collider-
unfriendly squark and gaugino masses.

The second favoured region for small tan § is the coannihilation branch of low scalar
masses myg, where the lighter tau-slepton mass eigenstate is not much heavier than the lightest
neutralino and the two have a considerable coannihilation cross section. This is where we
have chosen our benchmark point B, which differs from the points SPS 3 (mg = 90 GeV,
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Figure 2.3: Same as Fig. 2.2
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Figure 2.4: Same as Fig. 2.2 for tan 3 = 50, Ag =0, > 0.
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H mo [GeV]  myo [GeV] Ay tanf  sgn(u) ‘ SPS BDEGOP | Cosmol. region

A 700 200 0 10 + 2 E’ Focus point

B 100 400 0 10 + 3 C Co-annihilation
C 230 590 0 30 + 1b r Co-annihilation
D 600 700 0 50 + 4 | Y Bulk/Higgs funnel

Table 2.3: Benchmark point allowing for flavour violation among the second and third
generations for Ag = 0, > 0, and three different values of tan 3. For comparison we also
show the nearest pre-WMAP SPS [92,93] and post-WMAP BDEGOP [94] benchmark points
and indicate the relevant cosmological regions.

my /9 = 400 GeV) and BDEGOP C’ (mg = 85 GeV, my /5 = 400 GeV) only very little in the
scalar mass. This minor difference may be traced to the fact that we use DarkSUSY 4.1 [83]
instead of the private dark matter code SSARD of Ref. [94].

At larger values of tan 3 = 30 in Fig. 2.3, only the coannihilation region survives the
constraints coming from b — sy decays. Here we choose our point C, which has slightly higher
masses than both SPS 1b (mg = 200 GeV, m; /, = 400 GeV) and BDEGOP I’ (mg = 175 GeV,
my 5 = 350 GeV), due to the ever more stringent constraints from the B-decay.

Finally, for the large value of tan 6 = 50 in Fig. 2.4, the bulk region reappears at relatively
high scalar and fermion masses. Here, the couplings of the heavier scalar and pseudoscalar
Higgs bosons H? and A% to bottom quarks and tau leptons and the charged Higgs coupling
to top-bottom quark pairs are significantly enhanced, resulting e.g. in increased dark matter
annihilation cross sections through s-channel Higgs exchange into bottom-quark final states.
So as tan 3 increases further (tan ~ 54, see Chap. 3), the so called Higgs-funnel region
eventually makes its appearance on the diagonal of large scalar and fermion masses. We
choose our point D in the concentrated (bulky) region favoured by cosmology and (g — 2),,.
The corresponding masses are slightly higher than those of SPS 4 (mg = 400 GeV, m; /5 =
300 GeV) and BDEGOP L’ (mg = 300 GeV, my/, = 450 GeV). We do so in order to escape
again from the constraints of the b — sy decay, which are stronger today than they were a
few years ago. In this scenario, squarks and gluinos are very heavy with masses over 1 TeV.

2.3.2 Dependence of Observables and Mass Eigenvalues on Flavour Viola-
tion

Let us now turn to the dependence of the precision variables discussed in the previous Section
on the flavour violating parameter Ary, in the four benchmark scenarios defined above. Our
numerical analysis confirms the expected weak dependence of the leptonic observable (g —2),,
on the squark sector. We find the constant values of aEUSY =6-10"19,14-1071°, 16- 10719,
and 13- 10710 for our benchmark points A, B, C, and D, respectively. Note that the benchmark
points have been defined based on the older experimental limits Aa, = (22 + 10) 210719, Our
points B, C, and D lie well within 2o of both the older and the current experimentally favoured
range of Eq. (2.5). The point A, however, lies now outside the 20 interval with respect to the
“new” limits, so that a redefinition would be necessary [95].

In the first diagrams of Figs. 2.5 — 2.8 we show the dependence of the most stringent
low-energy constraint coming from the good agreement between the measurements of the
b — s7 branching ratio and the two-loop Standard Model prediction, on the NMFV parameter
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Figure 2.6: Same as Fig. 2.5 for our benchmark scenario B.
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ALL. The horizontal dashed lines indicate the favoured region at 20 and exhibit two allowed
intervals, one close to AL, = 0 (green line), the second at higher values of App, < 0.5. The
latter is, however, disfavoured by B — X, u"pu~ data constraining the sign of the b — sv
amplitude to be the same as in the Standard Model [96]. We therefore limit ourselves to
the regions in the vicinity of (constrained) minimal flavour violation, i.e. Ay, < 0.05 for the
points A, C, and D, and Ay, < 0.1 for the point B.

The electroweak precision observable Ap is shown in the second diagrams of Figs. 2.5 — 2.8
for our four benchmark scenarios. Again, the horizontal band corresponds to the experimen-
tally allowed range, for which only the upper bound is visible. The self-energies diagrams of
the electroweak gauge bosons depend strongly on the helicities, flavours, and mass eigenval-
ues of the squarks in the loop. However, the sufficiently small SUSY masses in our scenarios
combined with the rather large experimental error still allow for relatively large values of
A < 0.57, 0.52, 0.38, and 0.32 for the benchmark points A, B, C, and D, respectively.
As mentioned above, Ap constrains SUSY models in cMFV only for my = 2000 GeV and
m1/2 Z 1500 GeV

In the next diagrams of Figs. 2.5 — 2.8, we show the cold dark matter relic density Qcpyh?
as a function of the NMFV parameter Arp. Here, only the lower bound of the indicated
favoured range of Eq. (2.7) is relevant, as the relic density falls with increasing Arr,. In our
model A, the lightest neutralino has a sizable higgsino component, so that squark exchanges
contribute significantly to its annihilation cross section. Since the squark masses are generally
larger in our models B, C, and D, there is less sensitivity of Qcpavh? to the NMFV parameter,
except for very large App, < 1.

This rapid fall-off of the relic density for very large Arr,, can be understood by looking
at the resulting lightest up- and down-type squark mass eigenvalues, as shown in the fourth
diagrams of Fig. 2.5 — 2.8. For higher values of Ary, the off-diagonal elements of the squared
squark mass matrices get more important, and in consequence the mass splitting between
lightest and heaviest up- and down-type squarks increases. As a further consequence, the
lightest squark mass eigenvalue approaches and finally falls below the mass of the lightest
neutralino. Coannihilation processes and light squark propagators then lead to a rapidly
falling dark matter relic density and finally to the case of a squark LSP, that is cosmologically
excluded.

An interesting phenomenon of level reordering between neighbouring states can be ob-
served in the remaining diagrams of Fig. 2.5 — 2.8 for the two lowest mass eigenvalues of
up- and down-type squarks. With increasing Arr, the mass splitting between the lightest and
heaviest mass eigenstates gets larger, while the intermediate squark masses are practically
degenerate and insensitive to Ary,. For up-type squarks, it is first the second-lowest mass that
decreases up to intermediate values of A, ~ 0.2 — 0.5 while the lowest mass is constant, and
only at this point the second-lowest mass becomes constant and the lowest squark mass starts
to decrease further with App,. These “avoided crossings” are a common phenomenon for Her-
mitian matrices, that depend continuously on one single real parameter. At the point where
the two levels should cross, the corresponding squark eigenstates mix and change character.
For our scenario C, the phenomenon occurs even a second time with an additional avoided
crossing between the states s and ug at Ay, ~ 0.05. For scenario B, this takes place at
AL =~ 0.1 and there is even another crossing at Arp, ~ 0.02. For down-type squarks, the level
reordering phenomenon is not so pronounced.
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2.4 GMSB Scenarios and Non-Minimal Flavour Violation

In contrast to the cMSSM or mSUGRA model, where flavour violation naturally arises from
the fact that Supersymmetry breaking is mediated by gravity, flavour mixing is naturally
suppressed in the minimal gauge mediation scenarios, since the gauge interactions are flavour-
blind. However, it has been shown that flavour breaking terms can reappear at the electroweak
scale in models beyond the minimal one [42,97,98]. For squarks, flavour violation can then
arise in the left-left and the right-right chiral sectors. In this Section, we discuss the possibility
of non-minimal flavour violation induced through the possible mixing of messenger and matter
fields [98]. We show that this is an interesting possibility to relax the stringent electroweak
precision constraints, that virtually exclude the minimal GMSB scenario.

2.4.1 Scans of the Minimal GMSB Parameter Space

We first impose the experimental limits discussed in Sec. 2.1 at the 20 confidence level on
the minimal gauge mediated SUSY breaking (GMSB) model with five free parameters A,
Mines, Nmes, tan 3, and sgn(p) at the GUT scale. A further free parameter is the gravitino
mass mz at the weak scale, that will be discussed later in connection with the cosmological
constraints. The physical mass spectrum at the electroweak scale is again computed using
the combination of SPheno 2.2.3 and FeynHiggs 2.6.4 as described in Sec. 2.3. Since we
assume here constrained minimal flavour violation (cMFV), all off-diagonal entries /\3]'-1l of the
squared squark mass matrices are set to zero. For the numerical values of the Standard Model
input parameters, see App. B.

In Fig. 2.9 we show typical scans of the minimal GMSB parameter space in A and M e
for u > 0 and different values of Ny, (1 and 3) and tan 5 (15, 30, and 50). The six panels
reveal that these scenarios are strongly disfavoured by the measurements of the b — sv
branching ratio. In particular, the Snowmass Points [92] SPS 7 (A = 40 TeV, My,es = 80 TeV,
tan B = 15, pu > 0, and Nyes = 3) and SPS 8 (A = 100 TeV, M = 200 TeV, tan 5 = 15,
p > 0, and Nyes = 1) lead to values of BR(b — s7) = 4.86-10~* and 4.57- 104, which are
excluded at the 50 and 4o level, respectively, even if both of these points lie well within 1o
of the experimentally allowed range for the anomalous magnetic moment of the muon, with
as’sY = 22,8107 and af"5Y = 16.3-1071°.

Recently, a detailed study of electroweak precision observables, including scenarios with
minimal GMSB, has been published [99]. Scanning also over tan 3 and allowing for higher
values of Npes < 8, the authors show that experimentally favoured scenarios can be achieved
at low messenger scales, which, however, implies a certain amount of fine tuning at the
electroweak scale, especially in the Higgs sector. Note that for Npes = 8 problems with
perturbativity of the gauge interactions arise at very high scales [42].

2.4.2 GMSB Models with Non-Minimal Flavour Violation

Minimal gauge-mediated Supersymmetry breaking is known to suppress flavour-changing neu-
tral currents (FCNC) as suggested by measurements and thus avoid the so-called “flavour-
problem” naturally arising in models where Supersymmetry breaking is mediated by gravity.
Although the gauge interactions are flavour-blind, it has been shown that considering models
beyond the minimal GMSB can reintroduce flavour breaking terms at the electroweak scale in
the slepton and squark sectors. For example, for very high messenger scales Myes ~ 10 GeV
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Figure 2.9: The A-M,¢s planes for tan § = 15, 30, and 50, Nypes = 1 and 3, p > 0. We show
the b — s excluded (dark blue) regions in constrained minimal flavour violation (cMFV). The
region A > M, above the diagonal is theoretically excluded due to non-physical solutions
to the renormalization group equations.

gravity is no longer negligible with respect to the flavour blind gauge interactions [42]. In con-
sequence, flavour violating terms are reintroduced through gravity mediating as in mSUGRA
models. However, scenarios with that high messenger scales are rather unattractive from
a phenomenological point of view due to the resulting very high sparticle masses. Second,
flavour violation can be induced from heavy right-handed neutrinos participating in leptoge-
nesis [97]. If these are lighter than the messenger scale, flavour off-diagonal mass terms are
introduced into the slepton mass matrices. A third possibility might be to consider broken
messenger number invariance, that implies that the lightest messenger is not stable, but in-
troduces flavour violating terms in the Lagrangian at the weak scale [42]. A disadvantage of
this model is that the now unstable lightest messenger may not be a viable candidate for cold
dark matter, if the too light gravitino cannot account for the observed relic abundance.

For our study, we focus on the model proposed in Ref. [98], based on the introduction of a
mixing between messenger and matter fields. In the case of fundamental messenger multiplets,
belonging to 5 and 5 representations of SU(5), the messengers carry the quantum numbers
of left-handed leptons and right-handed down-type quarks. In consequence, flavour violation
is introduced into the chiral sectors of right-handed sleptons and left-handed up- and down-
type squarks. In our analysis of squark flavour violation, this corresponds to the case already
discussed for minimal supergravity including a variation of the parameter Ar1,, while Agg is set
to zero. Also investigated is an alternative model with antisymmetric messenger multiplets,
belonging to 10 and 10 representations. In this case, the messengers share quantum numbers
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Figure 2.10: The A-Mps planes for tanf = 15, Npes = 1, and g > 0. We show a,
favoured (grey) and b — svy excluded (dark blue) regions in non-minimal flavour violation
(NMFV) with squark mixing between the second and third generations in the left-left sector
(Arr = 0, AL, > 0) or both the left-left and right-right sector (AL, = Agr > 0). The region
A > Myes above the diagonal is theoretically excluded due to non-physical solutions of the
renormalization group equations.

with right-handed leptons, left-handed up- and down-type type quarks, and right-handed
up-type quarks, leading to flavour mixing for left-handed sleptons as well as for both left-
and right-handed up- and down-type squarks. Contrary to minimal supergravity, GMSB
allows thus for important flavour mixing in the right-right chiral sector. Note that, in this
antisymmetric scenario, flavour mixing in the sector of right-handed down-type squarks may
be parametrized independently of the other squarks. In our analysis however, we use for
simplicity the same flavour violation parameter Ap;, = Arg for both chiral sectors. This is
also motivated by SU(2) gauge invariance not allowing a large difference between them. In
both scenarios flavour violation is thus completely governed by the parameter Ary,.

2.4.3 Benchmark Points for GMSB with Flavour Violation

We now re-investigate the low-energy and electroweak precision constraints including non-
minimal flavour violation as discussed above. Allowed regions for the parameters A, Myes,
Nmes, tan 3, sgn(p), A\r, and Agr are obtained by explicitly imposing the constraints from
b — sv, Ap, and a,, that are sensitive to flavour violating terms. The renormalization group
running is again performed with SPheno 2.2.3. The flavour violating terms Ar;, and Agrr
are included in the squark mass matrices at the electroweak scale before computing the mass
spectrum and the low-energy and electroweak precision observables with FeynHiggs 2.6.4.
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Figure 2.11: Same as Fig. 2.10 for Nyes = 3, tan 3 = 15, and p > 0.

In Figs. 2.10 — 2.15 we show scans of the A-Myes plane for g > 0 and the same values
Npes = 1, 3 and tan § = 15, 30, 50 as in Sec. 2.4.1. In each figure, the upper panels corre-
spond to the case of matter mixing with fundamental messengers and flavour mixing only in
the left-left chiral sector (A\gg = 0), while the lower panels represent the case of antisymmet-
ric messengers leading to flavour mixing in the left-left and right-right chiral squark sectors
(ARrR = ArLn). For the same reasons as in mSUGRA scenarios, the region favoured by the
anomalous magnetic moment of the muon a, is quite insensitive to variations of the param-
eter ALr. As expected, the region excluded by the inclusive branching ration BR(b — s7)
depends strongly on flavour mixing. It is, in particular, also affected by the mixing scenario,
inducing a slight but visible difference in the excluded regions. The constraint coming from
Ap does not play a role for the moderate sparticle masses corresponding to our region of
interest, so that the excluded regions are not shown. It becomes clear that, if we allow for
flavour mixing between the second and third generation squarks, windows in the parameter
space both favoured by a, and not excluded by the stringent constraint from b — sy make
their appearance for small and moderate SUSY masses.

Within these regions, we propose six benchmark scenarios permitting non-minimal flavour
violation and not yielding too high sparticle masses (“collider-friendly”), so that possible
SUSY signals should be observable at present and/or future hadron colliders. Our choices are
presented in Tab. 2.4, labeled starting at the point E due to our four benchmark proposals for
mSUGRA scenarios including non-minimal flavour violation in Sec. 2.2. Note that, in contrast
to the mSUGRA case, these scenarios are not valid in constrained minimal flavour violation
(AL, = Arr = 0), so that we indicate the valid range for the flavour mixing parameters. We
have also checked that these scenarios are cosmologically allowed, see Sec. 2.4.5.
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Figure 2.12: Same as Fig. 2.10 for Nyes = 1, tan 8 = 30, and p > 0.
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Figure 2.13: Same
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as Fig. 2.10 for Nyes = 3, tan 8 = 30, and p > 0.
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Figure 2.14: Same as Fig. 2.10 for Nyes = 1, tan 8 = 50, and p > 0.
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Figure 2.15: Same
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33



tel-00324542, version 2 - 5 Nov 2008

CHAPTER 2. CONSTRAINTS AND BENCHMARK POINTS FOR THE MSSM

H A M es Npmes tanf  sgn(p) ‘ ALL ‘ NLSP ‘ SPS ‘
E | 65 Tev 90 Tev 1 15 T 014,020 | O 8
F | 30TeV 80TV 3 15 +ol012,018 | A | 7
G || 100 TeV 110 TeV 1 30 + [0.14, 0.20] 1 —
H| 45 TeV 100 TeV 3 30 + | 012,018 | 7 -
[ |[130 TeVv 140 TeVv 1 50 T | [014,020] | @ B
J || 60TeVv 100TeV 3 50 v o|014,0200| A | -

Table 2.4: GMSB benchmark points allowing for non-minimal flavour violation. We also
indicate the allowed range for the NMFV-parameter Arp,, the nature of the NLSP, and the
closest SPS benchmark point.

Starting with tan # = 15 and Npes = 1 (see Fig. 2.10), we choose our benchmark point E
in the region favoured by the electroweak precision constraints corresponding to rather light
SUSY particles. As for any GMSB scenario, the gravitino is the lightest SUSY particle (LSP).
The next-to-lightest SUSY particle (NLSP) is the lightest neutralino with mgo = 95.4 GeV,
but the three lightest charged sleptons are very close with similar masses around 100 GeV.
The other sleptons, sneutrinos, and gauginos have moderate masses of about 150 — 300 GeV,
while the squarks and gluino are quite heavy with masses lying in the range of 700 — 800 GeV.
They are much lighter than those corresponding to SPS 8 with its large values of A and M e,
but well above the experimental limits obtained from direct searches assuming cMFV (see
Tab. 1.1), and are experimentally accessible at the LHC.

The point F (see Fig. 2.11) differs only very little from the point SPS 7, with the
Supersymmetry-breaking scale A shifted from 40 TeV to 30 TeV, so that it is no longer ex-
cluded by the most recent experimental values of BR(b — s7v). As for SPS 7, the three lightest
sleptons have masses around 100 GeV, the lightest of them being the stau with mz = 90.7
GeV. The other sleptons, sneutrinos, and gauginos are a bit heavier (120 — 200 GeV), and
the squarks and gluino are rather heavy (600 — 700 GeV). The points G, H, I, and J (see
Figs. 2.12 — 2.15) all have a stau NLSP with a mass between 99 and 160 GeV. The main
difference in their spectra is the number and nature of the particles that are closest in mass
to the NLSP. For the point G these are two sleptons and the lightest neutralino, whereas for
the point H these are only two sleptons. The points I and J do not have any particles close
to the NLSP in mass. For the four points G, H, I, and J, the other sleptons and gauginos are
rather light (200 — 600 GeV), while the squarks and gluino are very heavy (1 — 1.5 TeV).

2.4.4 Dependence of Observables and Mass Eigenvalues on Flavour Viola-
tion

We now study in detail the constraints of the electroweak precision and low-energy observables
on, as well as the mass spectra of the points E, F, G, H, I, and J. In the upper and lower
left panels of Figs. 2.16 — 2.21 we show the branching ratio BR(b — sv) and the observable
Ap as a function of the flavour mixing parameter Arj, and including both flavour violation
scenarios. As already mentioned, the leptonic observable a,, depends very weakly (at the
two-loop level only) on the squarks. In consequence, we find values of a, independent of
Arp for our six benchmark scenarios, which are CLEUSY =37.7-10710,41.3-10719, 31.4- 10710,
36.6-10710, 31.8-1071°, and 34.2- 1070 for the points E, F, G, H, I, and J, respectively.
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Figure 2.16: Dependence of the precision variables BR(b — s7v) and Ap, as well as the up-
and down-type squark masses on the NMFV-parameter Ary, for flavour mixing in the left-left
(ARr = 0, full) or both in the left-left and right-right (Agr = ApL, dashed) chiral squark
sectors for our benchmark scenario E. The red dashed bands indicate the experimentally
favoured regions at 20, and the vertical red dashed lines correspond to the allowed range for
ALr, with respect to the most stringent b — s constraint.

These values lie well within 20 of the experimentally favoured range of Eq. (2.5), and even
within 1o for the points E, G, H, I, and J. For the inclusive branching ratio BR(b — s7),
the experimentally allowed range within 20 is indicated by two horizontal dashed lines. The
good agreement between the measurements and the two-loop SM prediction in combination
with the strong dependence of the SUSY contribution on squark flavour mixing only leave
two allowed narrow intervals for our flavour violation parameter, one being at relatively low
values Arp, ~ 0.15, the second one at higher values of A\ry, ~ 0.5 —0.7. The latter is, as also in
the mSUGRA case, disfavoured by b — sy~ data [96]. The remaining interval is indicated
by vertical dotted lines. Note that the difference between the two scenarios is small for the
relevant values of App, < 0.2. Concerning the observable Ap, the difference between the two
considered flavour mixing scenarios is not visible, so that only one curve is shown. Again, the
horizontal line indicates the favoured range within 20, where only the upper limit is visible
on our logarithmic scale. In contrast to BR(b — sv), here the relatively large experimental
errors allow for values of A\, < 0.3 — 0.6, depending on the benchmark point. The vertical
dashed lines indicate the allowed range for Arp, with respect to the more stringent constraint
coming from b — sv.

The difference between the two flavour violation scenarios becomes more obvious when
we study the squark mass eigenvalues. The up- and down-type squark masses are shown
as a function of the flavour mixing parameter Ay, in the centre and right upper panels of
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Figure 2.17: Same as Fig. 2.16 for our benchmark scenario F.

Figs. 2.16 — 2.21 for mixing with fundamental messengers (Agr = 0) and in the centre and
right lower panels for antisymmetric messengers (Agkg = Arr). We observe here the same
level reordering phenomenon between neighbouring states as already in the case of minimal
supergravity, discussed in Sec. 2.3.2. With increasing flavour violation the mass splitting be-
tween the lightest and heaviest mass eigenstates becomes larger, while the intermediate squark
masses are practically unchanged. At the points, where two levels should cross, we observe
again the so-called “avoided crossings” already discussed for mSUGRA. Unfortunately, many
“avoided crossings” lie below, but some also within the allowed ranges of the flavour violating
parameter Ay, indicated by green vertical lines for each of the six benchmark scenarios. The
level reordering phenomenon is of similar importance for up-type and down-type squarks.
Concerning the difference between our two implementations of flavour violation in the squark
matrices, we observe an important splitting for only the lightest and heaviest eigenstates in
the case of flavour mixing only in the left-left chiral sector. In contrast, for flavour violation
in both the left-left and right-right chiral squark sectors, the two lightest and two heaviest
mass eigenvalues give rise to important splitting, while only the remaining two masses are
practically independent of Ary,. This is a direct consequence of the fact that we have intro-
duced additional flavour mixing in two distinct sectors of the squark mass matrices and will
influence the squark and gaugino production cross sections presented in Chap. 5. Note also
that in the case of flavour mixing in only the left-left chiral sector, “avoided” level crossings
occur among the g1 2, g3 4, and g5 ¢ mass eigenstates, whereas in the case of flavour mixing in
both the left-left and right-right chiral squark sectors, we rather observe the mass flips among
the g2 3 and g45 mass eigenstates, respectively.
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Same as Fig. 2.16 for our benchmark scenario G.
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Figure 2.19: Same as Fig. 2.16 for our benchmark scenario H.
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Figure 2.21: Same as Fig. 2.16 for our benchmark scenario J.
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2.4.5 Cosmological Limits on the Gravitino Mass

To make sure that the chosen benchmark points do not lead to cosmologically disfavoured
configurations, we determine the allowed regions for the gravitino mass mz with respect to
the limits imposed by the relic abundance of cold dark matter in our Universe, the lifetime
of the next-to-lightest SUSY particle (NLSP) before decaying into the gravitino, as well as
the constraints on the reheating temperature Tg due to leptogenesis. We therefore compute
the gravitino energy density Qéhz in our Universe as described in Sec. 2.2.2, taking into
account the contributions from thermal production in the early Universe and from NLSP
decay. For each benchmark point, the relic density of the NLSP has been obtained with the
public code micrOMEGAs. In Fig. 2.22 we compare the gravitino relic density computed in this
way with the 20 range of Eq. (2.7) as a function of the gravitino mass mz and the reheating
temperature Tg. For each scenario, we also indicate the upper limit on the gravitino mass
coming from the constraint on the NLSP lifetime, the cosmologically favoured range for the
reheating temperature Tg > 10° GeV, the point where the gravitino mass would become
heavier than the NLSP mass, the limit between warm (WDM) and cold (CDM) dark matter,
as well as the gluino and NLSP masses entering the calculation.

Note that the contribution to Qéh2 from NLSP decay is only relevant for our point E
with its neutralino NLSP and Qlt\]?LSth = 0.1275. The fact that this value already lies within
the WMAP favoured interval, opens an allowed band around mz ~ mgo = 95.4 GeV, as can
be seen in the first panel of Fig. 2.22. For the other points, the annihilation cross section
of the stau NLSP is more important, so that the resulting relic NLSP density is quite low
(O gph? ~ 0.003 — 0.012) and its values lie well below the lower limit 0.094 of the WMAP
20 range.

From the graphs in Fig. 2.22 it becomes clear that for the chosen “collider-friendly”
benchmark points, we cannot simultaneously fulfill all the three more or less strict cosmo-
logical constraints. For instance, for a scenario featuring leptogenesis, i.e. having Tg > 10°
GeV, the lifetime of the next-to-lightest Supersymmetric particle (NLSP) would be too long
for not spoiling the light element abundances. We therefore relax the less stringent constraint
coming from leptogenesis and allow for a reheating temperature Tg < 102 GeV. If we then
impose the constraint due to the lifetime of the NLSP, our six benchmark scenarios all lead to
an upper limit on the gravitino mass of mg < 10~' — 1 GeV. For simplicity, we propose the
same value mz = 10~! GeV for all points. This choice respects the limit due to the NLSP
lifetime, allows for a relic gravitino density agreeing with current WMAP data, and this in
combination with relatively high values of Tg ~ 107 GeV for the reheating temperature.
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Figure 2.22: The cosmologically favoured regions in the mz-Tr plane for our benchmark
scenarios E, F, G, H, I, and J with respect to WMAP data (blue), the NLSP lifetime (vertical
red line), and leptogenesis (horizontal green line).
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Chapter 3

SUSY-QCD Corrections to Dark
Matter Annihilation in the
Higgs-Funnel

From a theoretical point of view, due to the large magnitude of the strong coupling constant,
QCD and SUSY-QCD corrections are bound to affect the dark matter annihilation cross
section into quarks in a significant way. They may even be enhanced logarithmically by
kinematics or in certain regions of the parameter space. On the experimental side, new
cosmological precision missions are to be launched in the near future. The Planck mission will
improve the present measurements of the CMB anisotropies by the COBE and WMAP missions
significantly and, in consequence, the cold dark matter relic density will be constrained to
a narrower interval. We therefore also need more accurate theoretical predictions, which
makes it necessary to include radiative corrections into the calculation of the annihilation
cross section.

In this Chapter, we present the calculation of these corrections for neutralino pair annihi-
lation into a bottom quark-antiquark pair through the s-channel exchange of a pseudoscalar
Higgs boson A° [100]. This process dominates in the so-called “A-funnel” region of the mini-
mal supergravity (mSUGRA) parameter space at large values of tan 3, which is theoretically
favoured by the unification of Yukawa couplings in Grand Unified Theories (GUTSs) suggesting
that tan  should be of the order of the ratio between the top and bottom quark masses [101],
tan G ~ z—z ~ 40—45. Supposing a WIMP mass of 50 — 70 GeV, this process has been claimed
to be compatible with the gamma-ray excess observed in all sky directions by the EGRET satel-
lite [102-104]. However, the corresponding scenarios may lead to antiproton overproduction,
so that they would not be compatible with the observed antiproton flux [105].

Figure 3.1: The leading order Feynman diagram of the neutralino annihilation process
X — A% — bb.
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3.1 Leading Order Cross Section

The Feynman diagram corresponding to the process of our interest is shown in Fig. 3.1.
Denoting the neutralino and bottom quark velocities by

v
A W ¢ d — 1 1
5 . an By . (3.1)

By =

and the squared total center-of-momentum energy by s, the properly anti-symmetrized neu-
tralino annihilation cross section can be written at leading order (LO) of perturbation theory
as

}ﬂ NCQ2T§11h?4bbS2
28ms |s —m?% +imal 4>

JL,Ov = (32)
It is proportional to the inverse of the flux factor sv, the integrated two-particle phase space
s/ (8ms), the number of quark colours No = 3 and the squares of the weak coupling constant
g, a neutralino mixing factor

1
Taij = B (sz — tan 91/[/./\/19') (N4Z cos 3 — N3; sin ﬁ) +{i < j}, (3.3)
the bottom quark mass my and tan 8 through the Yukawa coupling
myp tan
hapy = —925)757 (3.4)
mw

and the Higgs boson propagator.

As the neutralinos are supposed to be highly non-relativistic, it is common to express the
annihilation cross section in terms of the relative neutralino velocity v. This can be done by
expanding the squared center-of-momentum energy s in powers of v,

s = 4m} <1 + %) +O(v?h). (3.5)

Inserting this result in the expression for the cross section, Eq. (3.2), we obtain its non-
relativistic expansion

oLovV = aLo + bLOU2 + O(U4) (3.6)
with the coefficients
Ncg?T2, h? m?
ao = 2bro = ALLA®_ J1—-—L (3.7)
Mz

2 .
m I
47Tmf~( 4 — —Q—mA + —rlmn:‘ A
X X

in agreement with the result given in Ref. [82].

In Fig. 3.2 we show the leading order cross section or,0 for two typical minimal supergravity
(mSUGRA) scenarios that lead to a dark matter relic density within the experimentally
favoured range of Eq. (2.7). We have chosen the parameters mg = 1200 GeV, my /5 = 900 GeV,
Ap =0, and tan 8 = 44.5 for p < 0, as well as mo = 1200 GeV, my /o = 800 GeV, Ay = 0, and
tan 0 = 54 for u > 0. The annihilation cross section is presented as a function of the center-of-
momentum energy +/s. For reference, we also show the value for the lower values of tan 5 = 10
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Figure 3.2: The leading order (LO) cross section of the neutralino annihilation process
XX — A% — bb as a function of the center-of-momentum energy \/s. The two scenarios lead
at the respectively largest indicated value of tan 3 to a dark matter relic density agreeing with
the experimental limits. The neutralino and pseudoscalar Higgs boson masses are indicated
in GeV.

and 30. It is obvious that the decay width increases with tan 3. Due to the decreasing Higgs
boson mass, the peak in the cross section approaches the threshold at 2m§? = m 4o for higher
values of tan 3. Note that, in the case of dark matter annihilation, only the region close to
the threshold is relevant, higher energies being Boltzmann suppressed. Near the threshold,
the annihilation cross section acquires values of the order of o1,0 ~ 107! barn.

3.2 QCD Corrections

The neutralino pair annihilation process yx — A® — bb receives O(as) QCD corrections
from the self-energy, vertex correction, and real gluon emission diagrams shown in Fig. 3.3.
We apply dimensional regularization and on-shell renormalization for the virtual corrections,
which cancels the ultraviolet (UV) singularities. The remaining infrared (IR) poles vanish
by combining the virtual and the real emission contributions, which is done by applying the
dipole subtraction method [106]. For a discussion of technical details see App. C. Using these
standard methods, we obtain the O(ay) correction in the on-shell scheme

s L+87( . 1-5 -1 2 1+ By
AL s(8) g b (41, 1oL — 31 1
Qcb R 21456, 2145, ®1¥B 21-5,
14+ 06 4
—21 1 —31 — 41
og (3 log 1_&) T og By
3 2 1 2 4 1+ 86
(7 - — (19+2 1 .
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Figure 3.3: Diagrams for one-loop self-energy, vertex, and real QCD corrections contributing
to the process Yx — A — bb. We also show the top quark induced correction contributing
at the two-loop level.

which agrees with the known result for pseudoscalar Higgs boson decays [107]. Writing

Aqcp =), Ag)CDv where the index i refers to the contribution of O(cl), Eq. (3.8) contributes
to the total correction of the annihilation cross section

o = OLO [1 + Aqcp + Atop + ASUSY] (3.9)
and equivalently for the Higgs decay width

Uypy = Fi bh [1 + Aqep + Atop + ASUSY} ; (3.10)

which is valid in particular for low energies (LE). The contributions Ag)CD for i > 2, A¢op
and Agusy are discussed later in this and the next Section, respectively.

In the “high-energy” limit 3, — 1, i.e. for m? < s, the correction in Eq. (3.8) develops a
logarithmic mass singularity

o as(s) 3 S 9 (HE)
which has been introduced by the renormalization procedure and can be resummed to all
orders of perturbation theory using the renormalization group. This mass resummation is
based on the leading-logarithm approximation in QCD and is equivalent to replacing the
bottom quark mass my, with the running quark mass 7m;(s) in the Yukawa coupling h ap, [108],

gmy tan gmp(s) tan 8
gy e r V) e

hay = —
Abb 2my 2my

(3.12)

For lower energies, the limit in Eq. (3.11) is not valid, and there is thus no need for a
resummation procedure. In order to connect the high and low energy domains, we use the
simple matching scheme

oQep = {1 — 5b] 0851)3 + 5b0((;zHcED), (3.13)
so that we use the resummed expression in the high-energy (HE) domain,
a((QHC}?)) = opo(my — my(s)) [1 + Ag{CE]%] , (3.14)

and the valid result from Eq. (3.8) without using the running quark mass in the low-energy
(LE) case. The matching introduced in Eq. (3.13) allows for a smooth interpolation between
the two limits.
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Figure 3.4: Diagrams for one-loop self-energy and vertex SUSY-QCD corrections to the
process Y — A% — bb. We also show the electroweak stop-chargino contribution to the
bottom mass renormalization.

The remaining finite QCD-corrections in the MS-scheme are known up to O(a?) and are
numerically important at scales of the order of a few GeV. In parametrized form they can be
written as [109,110]

17 2 3
Agep = 75 )C’F O‘;(;) [35.94 — 1.359n | + @ (s) [164.14 — 25.77n; + 0.259n3]
L 05(5) [39 34 — 220.9n 7 + 9.685n2 — 0 0205n3] (3.15)
7T4 . . f . f . f ) .

with ny = 5 denoting the number of flavours. The corrections of O(a2) and O(al) have
been obtained for scalar Higgs bosons, but since the quarks are taken to be massless in the
calculation, the results also apply in the pseudoscalar case.

A separately gauge-independent correction of O(a?) is induced by the top quark loop
diagram shown on the right panel of Fig. 3.3. Its contribution [111]

1 29[ s RO
Agp = —o— 22 log 2 + = log? 2 1

1
6
can be important at small values of tan 3, but is largely suppressed in the Higgs funnel region
considered here.

3.3 SUSY-QCD Corrections

In Supersymmetry, additional corrections arise through the sbottom-gluino exchanges shown
in Fig. 3.4. Note that there is no real emission contribution at this order due to R-parity
conservation. Working again in the on-shell renormalization scheme, they lead to the mass
renormalization

A
< n:?)gg — 75 )CF [Bo(mb,mg ;Mg 2 Bo(mb,mb ,m3 2)| sin 26; (3.17)
C
IC 5 Lo~ Aot )+ (0~ ) Bl )|
b i=1,2

In the limit of large SUSY masses (m, < my ,mg) only the first line of Eq. (3.17) survives
and the remaining two-point functions can be rewritten as a three-point function with zero
external momentum, so that the mass renormalization becomes

<%>gg = as(s)CF%(Ab ,utanﬁ) (m~ m? m2) (3.18)

mp s b2’
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which is proportional to

2my (Ap — ptan 8
£n2 — 3 ) , (3.19)
by bo
i.e. the off-diagonal component of the sbottom mass matrix, and the three-point function at

zero external momentum

mmblog—+mbm log +mmlog me

I(m2,m?,m?) = Cp(0,0,0;m2,m2,m?) =
( a b c) 0( a b c) (mg — mg)(mg mg)(mg — mg)
(3.20)
In the above limit (m;, < mgi,mg) where we now also neglect s < mg_,mg and Ap with

respect to the tan J-enhanced p, the vertex correction equals the mass renormalization in Eq.
(3.18) up to a factor 1/tan? 3, so that the total SUSY correction becomes in this low energy
(LE) limit

as(s
A8 = 2ol L Tmprtan g 1(m2 m? m3). (3.21)

1
tan? 3

It has long been known that for large tan (3, the mass renormalization Amy can be signif-
icant and must be resummed by replacing

my — 4l (3.22)

: A
1+ limy, o 72;”’

in the Yukawa coupling hap [112]. More recently, it has been observed that A, may be of
similar size as ptan 8, for example in no-mixing scenarios, so that its contribution must also
be resummed. This is done by the replacement [113]

Am
Am limg, o =%
lima, o —— — e (3.23)
my 1+ limy tan g—0

my

which is, at O(as), equivalent to resumming the whole low-energy expression for Amy, i.e.
replacing
_ mp
1+ S0
in the Yukawa coupling h 4pp.

The remaining finite contribution Agysy to the cross section in Eq. (3.9) is finally given
by the difference between the full SUSY-QCD contribution and its resummed low-energy limit
that has been absorbed into the Yukawa coupling,

as(s) , 1+tan? g
Asusy = T PO BB Colmd, s, md it m3) = Co(0,0,0:m ,m? m3)|.
(3.25)

An additional contribution to the quark mass renormalization, that can have an effect of
the same order of magnitude as Agygy, arises from the stop-chargino loops shown in Fig. 3.4.
Its dominant contribution is given by [112]

Amy

E— A% 2 2 2 2
( mp >{>~(:t - 1672 |:At'u tanﬁ K I(’u ’mﬁ’mfg)’ (326)

where \s = V2my /(\/1)5 + 1)3 sin ﬁ) denotes the top Yukawa coupling. Again the bottom
quark mass has been neglected with respect to the larger SUSY masses.
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Figure 3.5: Annihilation cross section including the different QCD and SUSY-QCD cor-
rections normalized to the leading order cross section. We show the QCD corrected cross
section including only the mass resummation (red dotted) and also the finite terms up to
O(al) (red line), as well as the SUSY-QCD corrected cross section including mass resumma-

tion effects due to the sbottom-gluino (blue dashed) and the stop-chargino (blue dash-dotted)
contributions, and finally also the finite terms (blue line).

3.4 Impact on the Annihilation Cross Section

For the numerical evaluation of the presented results, we place ourselves in minimal super-
gravity (mSUGRA) scenarios with Ag = 0 and large tan 3, namely tan § = 44.5 for u < 0
and tan § = 54 for p > 0. These choices correspond to an important contribution of the an-
nihilation process yx — A — bb and still allow for electroweak symmetry breaking (EWSB)
in a large region of the mg-m; o plane.

Starting from the mSUGRA parameters at the high scale, the weak-scale parameters are
determined through renormalization group running with SPheno [90], which includes two-loop
renormalization group equations (RGEs), the complete one-loop formulas for the soft SUSY
breaking masses supplemented by two-loop contributions in the case of the neutral Higgs
bosons and the p parameter, and resummed lim 4, g Amy corrections. We then diagonalize
the mass matrices obtained in this way with FeynHiggs [91] to determine the physical Higgs
and SUSY masses. For the Standard Model input parameters, i.e. particle masses and coupling
constants, see App. B. In particular, we use the values My’ (m;) = 4.2 GeV and mf‘)le =
174.2 GeV for the bottom and top quark masses, as well as as(mz) = 0.1176 for the strong
coupling constant.

In Fig. 3.5 we show the annihilation cross section of the process yx — A — bb nor-
malized to the leading order cross section o0, including the different QCD and SUSY-QCD
corrections. Since the dependence on the centre-of-momentum energy /s is weak, the ratio is
shown as a function of tan 3 for fixed mq, my 2, Ao, and sgn(yu). The two scenarios for y > 0
and g < 0 are the same as for the leading order cross section in Fig. 3.2.

The QCD correction, including finite terms up to O(a?), decreases the annihilation cross
section by more than a factor of two. The main effect, however, is due to the performed mass
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resummation, the running squared quark mass m%(s) being lower than the bare squared mass
mg in the leading order cross section by approximately the same factor. The finite terms
Aqcp are less important, as can be seen in the right panel of Fig. 3.5. The slight increase
of the QCD correction is explained by the fact that we have fixed the squared centre-of-
momentum energy s at a constant and small distance the threshold. As the mass spectrum
is influenced by the increasing tan 3, the threshold, together with the neutralino mass, is
shifted to higher energies. The top quark loop correction Ay, is also independent of the
other supersymmetric parameters. At very low values of tan (3, its contribution accounts for
a few percent of the QCD correction, while it accounts for less than 0.01% for tan 3 > 40 in
the case of the “A-funnel” region in mSUGRA.

In addition to the QCD contributions discussed above, the annihilation cross section is
further reduced by the SUSY-QCD corrections. In the case of p > 0, the effect is enhanced by
about 10% with respect to the leading order cross section, while in the case of < 0 the SUSY-
QCD correction accounts for up to another 40% of decrease at large tan 8. To disentangle
the effects of the different contributions, we show the annihilation cross section including
first only the sbottom-gluino mass renormalization, then include also the stop-chargino loop
contribution, and finally the full SUSY-QCD correction including also the finite remainder
of Eq. (3.25). For positive p, the resummation effects are more important than the finite
terms Agusy, that account only for about one percent of the annihilation cross section. The
electroweak stop-chargino loop contribution is not negligible with respect to the QCD terms.
The situation changes for the case of negative u, where the mass resummation has opposite
sign and increases the annihilation cross section. In contrast, the finite terms are here more
important and decrease the annihilation cross section to as little as ten percent of the leading
order cross section.

3.5 Impact on the Neutralino Relic Density

The cold dark matter relic density is calculated with the public tool DarkSUSY [83], which
includes the QCD corrections up to O(a?), i.e. Eq. (3.8), the O(a?) term of Eq. (3.15), and
the top quark loop correction Eq. (3.16). We have added the O(a2) and O(af) QCD as well
as our O(as) SUSY-QCD corrections described above. We also include their dependence on
the center-of-momentum energy /s, which is absent in DarkSUSY where the corrections are
always evaluated at the scale Q? = m?% for the Higgs decay width and at Q* = 4m§~< for the
annihilation cross section.

We first determine the allowed regions in the mg-my/, plane shown in Fig. 3.6. The
Higgs funnel contribution to oeg rises from 40% for low values of my/ (or mg for p < 0)
to more than 95%, when my/, (and mg) is (are) large. It is obvious that the leading order
(LO) allowed regions are dramatically changed by the O(a?), O(a?), and O(al) QCD and
O(as) SUSY-QCD corrections, which reduce the annihilation cross section oeg by more than
a factor of two in this region. The increase in Qcpyvh? must therefore be compensated by
smaller masses, which results in a shift of the favoured contour towards smaller values of mg
and my /5. As expected, the effect is negligible in the focus point (very low values of m; ;) and
co-annihilation (very low mg) regions as well as for small and intermediate values of tan f3.

In Fig. 3.7 we plot the dark matter relic density as a function of m,/, for fixed mo =
1200 GeV, corresponding to the cuts indicated by the horizontal dashed lines in the two
panels of Fig. 3.6. The effect of the O(a?) QCD corrections already included in DarkSUSY is
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Figure 3.6: Regions in the mg-m;/, plane forbidden by a charged LSP (beige) or by no
electroweak symmetry breaking (grey) and favoured by the observed dark matter relic density
Qcpuh? for large tan B = 44.5 at p < 0 (left) and tan 8 = 54 at p > 0 (right). The green
contour corresponds to the pure O(a?) leading order calculation of the process Yx — A° — bb,
the red contour is computed with DarkSUSY including QCD corrections up to O(a?), and the
blue contour includes the full O(at) QCD and the O(as) SUSY-QCD corrections.
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Figure 3.7: Leading order (black dotted), O(a?) (green dashed) and O(a?) (blue dot-dashed)
QCD, and O(as) SUSY-QCD corrected predictions for the cold dark matter relic density
Qcpmh? as a function of my o for fixed mog = 1200 GeV, Ag = 0, and for tan § = 44.5 at
w < 0 (left) and for tan 5 = 54 at > 0 (right). The coloured band shows the experimentally
favoured range. The Higgs pole is indicated by a vertical dashed line.
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considerably enhanced by the O(a?) and O(a?) QCD and the O(a;) SUSY-QCD corrections,
while the top quark loop contributes less than 0.01% for the large values of tan /3 under
consideration here. However, the difference between the O(a?) and O(a?) terms is not visible
on our logarithmic scale. Note that a local minimum of the relic density at my/, = 420 GeV
occurs when my = my, where the ¢¢ annihilation channel is opened [114].

Due to our corrections the Higgs decay width 'y is reduced by approximately the same
amount as the cross section. In consequence, on the Higgs pole, where I'4 is of particular
importance, the effect is reversed. Since the Higgs width I'4 increases with my 9, in particular
for © > 0, the annihilation cross section o.g reaches its maximum, corresponding to the
minimum of the relic density Qcpwmh?, at some distance from the pole. Further away, the
QCD and SUSY-QCD corrections decrease o, and thus increase Qcpmh?, as expected.
Closer to the pole, indicated in Fig. 3.7 by a vertical dashed line, the reduced width becomes
important, so that the maximum of oeg, and thus the minimum of Qcpyh?, approaches the
pole.

3.6 Theoretical Uncertainties

An important uncertainty is coming from the choice of the renormalization scale, that vanishes
when taking into account all orders of perturbation theory. Since the leading order cross
section involves only electroweak couplings, this dependence is important for the QCD and
SUSY-QCD loops at O(as). Typical variations “TR < @ < 2upg of the renormalization scale
lead in our case to a variation of up to four percent for the prediction of the neutralino relic
density.

Another non-negligible uncertainty is introduced by the choice of the Supersymmetry
spectrum generator. It is well known that, for the same input parameters at high scale,
different spectrum generators deliver different spectra at low scale, depending on the numerical
and theoretical accuracy in the renormalization group running [115], i.e. numerical methods
and the implemented level of loops, respectively. It is also known that these differences in the
spectrum may influence the prediction of the cold dark matter relic density [116].

Due to the fact that the top quark loop correction is negligible in the case of large tan (3,
the numerical value of the top quark mass has no direct influence on our QCD and SUSY-
QCD corrections. However, variations of the top quark mass induce variations in the SUSY
particle spectrum through the renormalization group running. In consequence, for example,
the pseudoscalar Higgs mass increases with the top quark mass, so that the cosmologically
favoured “A-funnel” region lies at higher values of m, and thus of m;/,,. Note that, inde-
pendently of the spectrum generator and the value of the top quark mass, the impact of our
QCD and SUSY-QCD corrections remains the same as discussed in the Secs. 3.4 and 3.5.

Most neutralino dark matter studies in minimal supergravity (mSUGRA) assume a van-
ishing trilinear coupling Ag. However, it has recently been shown that a non-vanishing Ay,
that varies in a range of +4 TeV, leads to new allowed regions in the mg-my/p plane of the
mSUGRA parameter space that are consistent with the cosmologically favoured region [117].
Concerning our analysis, variations of Ay might be interesting, as they may lead to important
variations of the coupling A; at the electroweak scale. However, we have focused here on
Ap = 0 and leave the case of a non-vanishing trilinear coupling to further studies.
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Figure 3.8: The predictions for the neutralino relic density obtained with the public codes
DarkSUSY and micrOMEGAs as a function of the gaugino mass parameter my/,. The coloured

band corresponds to the WMAP 20 favoured interval.

3.7 Comparison with micrOMEGAs

We finally compare the results obtained with our modified version of DarkSUSY to the pre-
dictions given by the public tool micrOMEGAs [84]. It is well known that the two codes agree
well in wide regions of the mSUGRA parameter space. However, there are also regions with
disagreement, in particular in the “A-funnel” region studied in this Chapter. In micrOMEGAs,
the presented mass resummation approximations in QCD and SUSY-QCD are implemented,
based on the results given in Ref. [113]. They also include the finite QCD terms up to O(a?)
and the stop-chargino loop contributing to the bottom mass resummation. However, the finite
SUSY-QCD contribution of Eq. (3.25) is not implemented in micrOMEGAs.

In Fig. 3.8 we show the neutralino relic density computed with micrOMEGAs compared to
the one obtained with DarkSUSY including the same corrections as are included in micrOMEGASs,
i.e. the O(a?) QCD corrections and the SUSY-QCD bottom mass resummation. The mass
spectrum for both dark matter codes has been computed with our combination of SPheno
and FeynHiggs as described in Section 3.4.

Around the Higgs pole, indicated by the vertical dashed line, the predictions given by
DarkSUSY (green dashed line) and micrOMEGAs (blue line) show important differences. In
particular, the distance between the pole and the minimum of the relic density differs as do
the minimal values of Qcpyh?. When we include in DarkSUSY the same QCD and SUSY-QCD
(red line) corrections as are included in micrOMEGAs, important differences remain. These are
in particular due to different values of the Higgs decay with, I'4. The red dash-dotted line
shows the prediction of the relic density obtained with DarkSUSY including QCD and SUSY-
QCD corrections, but with the Higgs decay width calculated and used by micrOMEGAs. As
expected, the minima in the relic density lie now at the same value of my/,. However, the
relic density in this point still differs by one order of magnitude, which might be explained
by different implementations of the QCD running in the two codes. A detailed investigation
of the exact implementation of the running masses and coupling constants will therefore be
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necessary.

Note that the difference in the relic density at lower values of m, 5 is due to the fact that
micrOMEGAs includes also the SUSY-QCD corrections to the couplings of the C'P-even Higgs
bosons, which are absent in DarkSUSY. In consequence, the annihilation cross section in the
relevant region at lower m, /5 is overestimated by DarkSUSY, leading to an underestimation of
QCDMh2-
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Chapter 4

SUSY-QCD Corrections to
Neutralino Pair Annihilation

XX — qq

Besides the annihilation through a pseudoscalar Higgs exchange presented in the previous
Chapter, further neutralino pair annihilation processes receive QCD and SUSY-QCD cor-
rections. These are the annihilation into quark-antiquark pairs through Z%-boson, C'P-even
Higgs-boson and squark exchange, and also neutralino-stop coannihilation. For the latter,
QCD and SUSY-QCD corrections have recently been published [118]. In this Chapter, we
present the corrections for the remaining channels, i.e. for neutralino pair annihilation into
quark-antiquark pairs through the exchange of a Z%-boson, a squark, or a neutral Higgs-
boson [119].

4.1 Contribution of Quark-Antiquark Final States

Neutralino pair annihilation into a quark-antiquark pair can proceed through the exchange
of a Z-boson or a neutral Higgs boson (¢° = h?, HY, A?) in the s-channel, as well as through
squark (¢; with 7,5 = 1,2) exchange in the ¢- or u-channel, as shown in Fig. 4.1. As a first
step, it is interesting to study the relative contributions of the different quark-antiquark final
states to the effective total annihilation cross section (0annv), that in turn determines the relic
abundance of dark matter. To this end, we have performed detailed scans over the mg—my ;
planes of the minimal supergravity (mSUGRA) parameter space for fixed values tan (3, Ay, and

q W

_o
>
_o

X1

Figure 4.1: The leading-order diagrams for neutralino pair annihilation into quark pairs
through Z-boson, neutral Higgs boson (¢° = h°, H?, A%), or squark (¢ with i,j = 1,2)
exchange.
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sgn(u). Starting from these high-scale parameters, the renormalization group equations have
been solved and the physical supersymmetric mass spectrum at the electroweak scale has been
obtained with the computer programme SPheno 2.2.3 [90]. For each point, the neutralino
relic density Qcpuvh? and the contributions of the six quark-antiquark production channels,
uil, dd, 53, cé, bb, and tt have then been computed using the public code micrOMEGAs 2.1 [84].
For the Standard Model input parameters such as particle masses and coupling constants we
have again used the numerical values given in App. B, except for the top quark pole mass,
which has now been set to the more recent value m} °l¢ — 171.4 GeV [120].

The results of this analysis are shown in Figs. 4.2 and 4.3 for 4 > 0, tan 8 = 10, and
Ap =0 and Ay = —1500 GeV, respectively. In Figs. 4.4 and 4.5, we then show the parameter
space scans for u > 0, Ag = 0, and tan 8 = 30 and 50. We indicate the relative contributions
to annv for all quark final states (¢g), the sum of the four “light” quarks (ut, dd, s3, and cé),
as well as bottom (bb) and top (tf) quark-antiquark final states. In each graph we also show
in blue the favoured region of the mg-m,/, plane with respect to measurements of the cold
dark matter relic density of Eq. (2.7). Grey shaded regions are excluded due to a charged
LSP (high m; /5 and small my), current SUSY particle mass limits (small m /5), the stringent
constraint from the measurements of the inclusive branching ratio BR(b — sv) (small mg and
my /3), or unphysical solutions to the renormalization group equations (high mg). Note that
measurements of the electroweak p-parameter only exclude regions of higher masses lying
beyond the limits of our graphs in Figs. 4.2 — 4.5.

In the first panels of Figs. 4.2 — 4.5 we see that neutralino annihilation into quarks is gener-
ally dominant over wide ranges of the mg-my /; plane. Focusing on regions that lead to a neu-
tralino relic density agreeing with the cosmological limits, the only exceptions at tan g = 10
are the coannihilation region at small mg and high m, ;; and in the region mg 2 1000 GeV and
my o ~ 300 — 400 GeV, where gauge and Higgs boson final states dominate. With increasing
tan 8 the former is shifted to higher gaugino masses, while the latter looses its importance.
Both of these observations can be traced to the fact that the Yukawa couplings of the Higgs
bosons to down-type quarks become numerically larger, enhancing the corresponding quark
final states.

Let us now turn to the individual contributions of the different quark flavours. From the
upper right panels of Figs. 4.2 — 4.5, it becomes obvious that the “light” first and second
generation quarks only play a non-negligible role in the case of light neutralinos, namely for
values of m j, < 300 GeV for the gaugino mass parameter. These regions, however, do either
not coincide with the WMAP favoured band of the neutralino relic density or are excluded by
the direct mass limits or the b — s+ branching ratio. We will therefore focus in this analysis
on the third generation “heavy” quark final states. For a future analysis of scenarios with
important contributions of the four “light” flavours, it might be interesting to consider a more
general MSSM instead of minimal supergravity.

The contribution of bottom-antibottom final states to the total annihilation cross section
is shown in the lower left panels of Figs. 4.2 — 4.5. At tan 8 = 10, this annihilation channel
dominates close to the pole of the C'P-even Higgs boson, where 2m>~<? = myo. The resonance
occurs at a constant value of my/,. The corresponding part of the WMAP favoured band,
however, is for A9 = 0 excluded by the current mass limits. In particular, the lightest chargino
is here too light to satisfy the limits obtained from the LEP experiments. This situation
changes when we consider a non-vanishing trilinear coupling, since new loop contributions
then alter the particle masses. In Fig. 4.3, we show the case of Ap = —1500 GeV, where the
WMAP favoured region and also the Higgs pole now lie outside the zone excluded by direct
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mass limits.

As already stated, the Yukawa coupling of the pseudoscalar Higgs boson to bottom quarks
becomes more important for higher values of tan 3. In consequence, the region where neu-
tralinos annihilate into bottom quarks grows (see Fig. 4.4 for tan § = 30) and the “A-funnel”
region already discussed in Chap. 3 makes its appearance at tan 3 ~ 50, as can be seen in
Fig. 4.5.

The annihilation of a neutralino pair into a top quark-antiquark pair is kinematically
allowed if the neutralino mass is larger than the top quark mass, mgo = my. Since the
neutralino mass is at the tree level proportional to the gaugino mass parameter my /o, the
corresponding annihilation channels open only beyond a certain threshold in my/,. This
is well observed in the lower right panels of Figs. 4.2 — 4.5, where we show the relative
contribution of top quark-antiquark final states to the annihilation cross section (Gan,v). It
is interesting to note that the contribution is very similar for low and intermediate values of
tan §. It only decreases at large tan § in favour of the now dominant bottom quark final states.
Due to the large magnitude of the top quark mass and the resulting numerical importance
of the top Yukawa coupling, the relative contribution of the top quark final states is rather
important, if it is kinematically allowed. This is well visible in the four corresponding graphs,
where an important gradient between the region of too low neutralino masses and the one
of high ¢t contributions is observed. The WMAP favoured band coincides in the focus point
region with top quark contributions of more than 60 percent.

As already mentioned in Chap. 3, the prediction of the neutralino relic density strongly
depends on the involved numerical programmes. On the one hand, there are differences be-
tween the two public codes DarkSUSY 4.2 and micrOMEGAs 2.1, mainly due to the different
implementations of the corrections to the bottom mass and the related Yukawa couplings to
the Higgs bosons. On the other hand, since all particle masses are involved in the calculation,
the choice of the spectrum generator also implies important uncertainties. This can be illus-
trated with the help of Fig. 4.6, where we show the same scan as in Fig. 4.2 of the mo —m; s
plane for tan3 = 10, Ag = 0, and p > 0, but the renormalization group equations have
now been solved and the physical mass spectrum has been obtained using the public code
SuSpect 2.34 instead of SPheno 2.2.3. Comparing the two scans, minor differences appear
in the form and place of the different contours, due to the high sensitivity of the prediction
of the neutralino relic density on small differences in the SUSY masses. The main difference,
however, concerns the region which is close to the sector where no physical solutions to the
renormalization group equations leading to electroweak symmetry breaking can be achieved.
The scans shown in Fig. 4.6 reveal a relatively wide zone where SuSpect 2.34 already out-
puts warnings indicating that the numerical solution does not proceed in a stable manner,
whereas SPheno 2.2.3 treats them without incidents. An analogous behaviour also appears
for higher values of tan 5. Differences between SUSY spectrum generators and their impli-
cations on the dark matter relic density are discussed in Refs. [115,116]. Since it provides
more viable solutions and since the WMAP favoured band follows these particular regions,
we shall continue to work with SPheno 2.2.3 in the following.

Inspecting again Figs. 4.2 — 4.5, interesting regions that agree with the observed dark
matter relic density of Eq. (2.7) and that involve at the same time important cross sections
for the annihilation of neutralinos into “heavy” quark-antiquark pairs can be found either in
the focus point region or around the Higgs resonances. At small tan 8 = 10 and Ay = —1500
GeV, the latter is found at m,/, ~ 132 GeV, where annihilation into bb final states through
exchange of a light Higgs boson is important. At high tan 3 = 50, this region is excluded by
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Figure 4.2: The mg-m;/; plane of the mSUGRA parameter space for tan 3 = 10, Ag = 0,
and p > 0 showing the relative contributions of all (top left), light (top right), bottom (bottom
left), and top (bottom right) quark final states to the total annihilation cross section oegv,
as well as the points favoured with respect to WMAP data (blue), and those excluded by a
charged LSP (dark grey, high m,/5), mass limits on superpartners (intermediate grey), the
measurement of BR(b — sv) (light grey), or no electroweak symmetry breaking (dark grey,
high mg). The SUSY mass spectrum has been obtained from the parameters at the high scale
through renormalization group running with SPheno 2.2.3.
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Figure 4.3: Same as Fig. 4.2 for tan 8 = 10 and Ay = —1500 GeV.
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Figure 4.4: Same as Fig. 4.2 for tan 8 = 30 and Ay = 0.
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Figure 4.5: Same as Fig. 4.2 for tan # = 50 and Ay = 0.
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Figure 4.6: Same as Fig. 4.2 for tan § = 10 and Ay = 0, where the SUSY mass spectrum has
now been calculated with SuSpect 2.34. Grey shaded regions are excluded due to a charged
LSP, no electroweak symmetry breaking, current LEP mass limits, or b — sy measurements.

the constraint from b — s+, so that only the “A-funnel” region around the resonance of the
pseudoscalar Higgs boson survives. In the focus point region at high values of mg neutralinos
annihilate dominantly into top quark-antiquark pairs. Note that at high tan § this proceeds
mainly through the exchange of a C'P-even heavy Higgs boson, due to its enhanced Yukawa
coupling in this sector of the parameter space. For lower values of tan 3, not only the Higgs
exchange, but also the Z-boson and squark exchanges play a significant role.

4.2 QCD and SUSY-QCD Corrections

Corrections of O(as) to the neutralino pair annihilation processes shown in Fig. 4.1 arise
through the quark and squark self-energies shown in Fig. 4.7, the gluon and gluino vertex
corrections shown in Fig. 4.8, the gluon and gluino box diagrams shown in Fig. 4.9, and the
real gluon emission diagrams shown in Fig. 4.10. Note that for each ¢t-channel diagram, a
u-channel diagram is obtained through crossing (not shown).
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Figure 4.7: Quark (top) and squark (bottom) self-energy diagrams contributing at O(a)
to the annihilation cross section.
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Figure 4.8: Vertex correction diagrams to the s-channel Z- and Higgs-boson exchange (top)
and to the t-channel squark exchange (bottom) contributing at O(as) to the annihilation
cross section. The corresponding u-channel squark- exchange diagrams are not shown.

Starting with the virtual corrections, the quark and squark self-energies, the gluon and
gluino vertex corrections, as well as the gluon and gluino box diagrams have been calculated,
partly using the symbolic manipulation programme FORM 3.1 [121]. We have also numerically
compared our results for the squared matrix elements of all relevant squared matrix elements
and interference terms with those obtained using the combination of FeynArts 3.3 [122,123]
and FormCalc 5.0 [124,125]. The arising tensor integrals have been expressed in terms of the
scalar integrals Ay, By, Cp, and Dy by applying the common reduction methods described
e.g. in Refs. [126,127].

For the “heavy” third generation quarks, the squark propagators, and the Yukawa cou-
plings the involved ultraviolet (UV) singularities are treated in the on-shell renormalization
scheme, where the counterterms to the quark and squark masses, wave functions, and mixing
matrices cancel the poles in € = (4—D) /2. Here, D = 4—2¢ denotes the number of space-time
dimensions. For a detailed calculation of the involved self-energies, vertex corrections, and
box amplitudes see App. C.

After the renormalization procedure, only infrared (IR) singularities remain, which include
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Figure 4.10: Real gluon emission diagrams contributing at O(as) to the annihilation cross
section. The corresponding u-channel squark exchange diagrams are not shown.

soft radiation and collinear divergences. These are canceled when taking into account the
real gluon emission corrections shown in Fig. 4.10. Here, crossing leads again to u-channel
diagrams that are not shown. The connection between the virtual and real emission parts
of the cross sections has been implemented using the dipole subtraction method for massive
partons proposed in Refs. [106, 128], based on the construction of an unphysical auxiliary
cross section o,.x. By definition, the latter contains the same infrared singularities as also
the virtual and real contributions. It is subtracted from the real part and added to the virtual
part in order to cancel the remaining infrared poles in both contributions, that can then be
integrated numerically separately. A more detailed presentation and discussion of the dipole
subtraction method is given in App. D.

A careful treatment is required for the bottom-quark mass appearing in the Yukawa
couplings, since it receives important corrections from QCD and SUSY-QCD loops, as already
discussed in Chap. 3. We start from the running quark mass in the MS scheme at the scale
my as input parameter, mMS(mb) = 4.2 GeV, from which we obtain in a first step the MS
mass at the scale Q% = s by applying three-loop renormalization group running [129],

(4.1)
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where the function Fj, is given by

2
T 15007062 @)
m

12/23
@%(Q)] [1 L 373104(Q) (4.2)

FQ) = [6 T 3174 =

This intermediate result is then transformed at the two-loop level into the DR scheme using
the relation [129,130]

(4.3)

[ Q a2
mPNQ) = miS(Q) [1—% 92 ;(?)].

We finally include one-loop threshold corrections at the scale Q? = s in order to obtain the
MSSM running mass in the DR scheme [131],

mPH(Q)mssm = mpH(Q)sm + Sm}

threshold

thrcshold ( 4. 4)

where the term dm; includes the gluino-sbottom and stop-chargino loop contributions

to the bottom-quark self-energy. The resulting value of mDR(Q)MSSM is then implemented
in the Yukawa couplings. Note that the typical scale of a neutralino annihilation process
is of the order of Q ~ 100 GeV, so that using the threshold corrections instead of the full
MSSM renormalization group equations is a reasonable approximation [131]. Based on the
value obtained in this way for the running bottom mass, we then resum the numerically
important SUSY-QCD corrections coming from the sbottom-gluino and stop-chargino loops
and take into account the finite remainders for the corresponding vertices as discussed in Sec.
3.3. We should note again that the mass resummation is already implemented at this order
in the public version of micrOMEGAs, while DarkSUSY includes only the QCD running mass
and finite corrections at O(a?), but no SUSY-QCD corrections.

The bottom quark pole mass mII;OlC which is used in the kinematics, is obtained from the

input value m}S(my) through the two-loop relation [129]

mMS(Q (@ 2(Q) 4 2Q 11 Q
7b£§k) _ 1+a7(r)[1nm22(2)—§]+—aﬂ(2)[ 312m22(2)
197 2(Q) 187 ((3 2
7—211(1%—3—2+%+%(1+hf12)+A , (4.5)

where ¢ denotes the Riemann zeta-function and the correction effects due to the four light
quarks are contained in the term

ng m2 m2
A = 414 1) -9 4.6
e (4.0

q:u7d787c

The latter is, due to the involved mass ratios, however, numerically important only for
the charm-quark mass, and negligible for the bottom quark considered here. Note that
micrOMEGAs does not follow the same calculation prescription as the one discussed above.
In particular, they use the same effective quark mass in the Yukawa coupling and in the
kinematics. Thus, small differences in the cross section, and in consequence in the prediction
of the relic density, may occur due to the different treatment of the bottom quark mass.
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H mo (GeV) mys (GeV) Ay (GeV) tanf  sgn(u) ‘ Qcpuh? ‘ bb tt H

1 1500 130 -1500 10 + 0.116 86%  —
2 1500 1500 0 50 + 0.112 8%  —
3 3800 270 0 10 + 0.108 - 2%
4 5300 625 -1500 10 + 0.110 - 2%
5 3000 600 0 50 + 0.110 15%  64%

Table 4.1: Scenarios in minimal supergravity (mSUGRA) that lead to a neutralino relic
density agreeing with the current limits of Eq. (2.7), satisfy the current SUSY-particle mass
limits, and present important contributions of neutralino annihilation into bottom or top
quark-antiquark pairs. We indicate the mSUGRA parameters at the high scale, the relic
density obtained with micrOMEGAs 2.1, and the contributions of the different quark final
states to the annihilation cross section o,,nv.

For the top quark mass, we have as input parameter the pole mass mfdo = 171.4 GeV,

which can directly be used in the kinematics. Contrary to the bottom mass, we also implement
the pole mass in the Yukawa couplings of the tree-level calculation, while we take into account
all higher order effects in the calculation of the corresponding loop diagrams. Note that the
top quark Yukawa couplings implemented in micrOMEGAs 2.1 include already the calculation
of an effective mass, which is also used in the kinematics instead of the pole mass in our
calculation.

4.3 Impact on the Annihilation Cross Section

We now turn to the numerical impact of the QCD and SUSY-QCD corrections presented in
Sec. 4.2 on the neutralino annihilation cross section. Based on the analysis of Sec. 4.1 we
have chosen five scenarios in the minimal supergravity (mSUGRA) parameter space, shown
in Tab. 4.1, that lead to a cold dark matter relic density in agreement with the limits of
Eq. (2.7) and which are characterized by important contributions of top and/or bottom final
states. For each set of parameters, we indicate the neutralino relic density obtained with
micrOMEGAs 2.1 as well as the relative contributions of bottom and top quark final states to
the total annihilation cross section (o,n,v). Our scenario 1 is situated in the neighbourhood
of the resonance of the light C'P-even Higgs boson, while scenario 2 lies in the “A-funnel”
region. Both are dominated by bb final states. Our scenarios 3, 4, and 5 all lie in the focus
point region and have dominant contributions from annihilation into top quarks. Note that
scenario 5 receives also a sizeable contributions from bb final states due to the important
bottom Yukawa coupling at high tan 5. Note also that scenarios agreeing with the LEP mass
limits and featuring an important contribution of light Higgs boson exchange can only be
found for non-vanishing Ay. Regions with a top-quark contribution of more than 80 percent
can be found for negative values of the Higgs mass parameter p. We do, however, not consider
those points in our analysis, since negative values of y are disfavoured by the supersymmetric
contributions to the anomalous magnetic moment a,, see Eq. (2.6).

In Figs. 4.11 — 4.13, we show the annihilation cross section o,,,v of a neutralino pair into
bottom or top quark-antiquark pairs for our scenarios 1 to 5 as a function of the relative
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Figure 4.11: The annihilation cross section agl;bgv of a neutralino pair into a bottom quark-
antiquark pair multiplied with the relative neutralino velocity v for our scenarios 1 (left) and
2 (right). We show our tree-level result (green dash-dotted), the cross section implemented in
micrOMEGAs 2.1 (red dashed), and the cross section including the full QCD and SUSY-QCD
corrections (blue solid). The coloured area indicates, on a linear scale and in arbitrary units,
the s-dependence of the Boltzmann velocity distribution involved in the calculation of the

thermal averaged cross section.

momentum pep, in the centre-of-momentum frame, related to the energy /s through

s = 4(p2m +m§?). (4.7
The threshold at pen = 0 corresponds to s = 4m2. For each scenario we show the cross
sections calculated by micrOMEGAs 2.1 (red dashed), our calculation at the tree-level (green
dash-dotted), and our calculation including the full QCD and SUSY-QCD corrections (blue
solid) discussed in Sec. 4.2. The coloured areas show the Boltzmann velocity distribution
function f,(s) that governs the integral in the calculation of the thermal average (oannv),
see Eq. (2.11) and the discussion in Sec. 2.2. Since we are only interested in the relative
distribution we omit all normalization factors, such as my or 7', that are constant with respect
to the energy, and the s-dependent part of the distribution is shown in arbitrary units. For
the temperature we insert the freeze-out temperature obtained through 7'y = Mo /x ¢, where
xy is the freeze-out parameter determined by micrOMEGAs 2.1 in the calculation of the dark
matter relic density.

For our scenario 1, shown in the left panel of Fig. 4.11, the resonance of the light Higgs
boson h? is well visible around pey, & 20 GeV. The Higgs and neutralino masses in this point
are myo = 114.5 GeV and my = 53.7 GeV, respectively, and the freeze-out parameter is xy =
24.35 leading to Ty = 2.21 GeV. The width of the C'P-even Higgs-boson is numerically small,
[0 = 3-1073 GeV, which results in a rather high and narrow peak of the annihilation cross
section. Our tree-level cross section (green dash-dotted) agrees well with the one computed
by CalcHEP in the micrOMEGAs package. The small but well visible difference can be traced
to the different treatments of the bottom mass in the two calculations. First, micrOMEGAs

ol
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2.1 calculates the bottom Yukawa coupling with the running mass in the MS-scheme instead
of DR in our calculation, see Sec. 4.2 for details. Second, in micrOMEGAs 2.1, the running
bottom mass is also used in the kinematics, whereas in our calculation the kinematics is
calculated using the on-shell mass as described in Sec. 4.2. Note, however, that the bottom
mass is small compared to the centre-of-momentum energy /s > 2m)~<(1) ~ 107.4 GeV, so that
the major part of the difference is due to the different masses in the calculation of the Yukawa
couplings.

It is interesting to note that the peak of the velocity distribution, p., ~ 8 GeV, does not
coincide with the peak of the annihilation cross section, pem ~ 20 GeV. This is connected
to the fact that the favoured band with respect to WMAP data does not exactly lie on the
resonance of the light Higgs boson, see Fig. 4.2. If the peaks were at the same value of pepn,
the resulting thermal averaged annihilation cross section would be too high to allow for a
relic density agreeing with current cosmological data. The increase in the cross section when
taking into account the full QCD and SUSY-QCD corrections, i.e. adding the finite terms and
box contributions to the tree-level result containing already the bottom mass resummation,
is numerically more important around the peak of the velocity distribution than around the
Higgs resonance. For the latter, the dominating corrections are already contained in the QCD
and SUSY-QCD bottom mass resummation. However, farther away from the pole, the finite
contributions increase the annihilation cross section significantly. Let us recall that bottom
quark final states account for 86 percent of the total annihilation cross section (Ganyv).

For our scenario 2, situated in the “A-funnel” region of the mSUGRA parameter space,
the neutralino mass is with mgo = 655.7 GeV too large to give rise to a resonance with the
light Higgs boson (mjo = 122.0 GeV). However, the mass and width of the pseudoscalar
Higgs boson are in this point ms = 1312.5 GeV and I'y = 43.0 GeV, respectively, so that
already the point p., = 0 is situated in the resonance of the pseudoscalar Higgs boson.
The decrease of the cross section for larger values of p., is due to moving away from the
pole. Again, we observe a noticeable difference between the predictions based on the effective
tree-level calculations, which is explained by the same arguments as for scenario 1, i.e. the
different treatments of the bottom quark mass. Taking into account the QCD and SUSY-
QCD corrections leads to an increase of about 25 percent in the annihilation cross section,
that is practically independent of the energy pem.

(tt)

For the top quark dominated scenarios, the annihilation cross section oannv of a neutralino
pair into a top quark-antiquark pair is shown in Fig. 4.12 for our scenarios 3 and 4, lying both
in the focus point region at tan 8 and Ay = 0 and Ay = —1500 GeV, respectively. We show
again the cross sections obtained with the effective tree-level calculation, with micrOMEGAs
2.1, and including the full one-loop cross section. Due to the large top quark mass, the
resonance of the light Higgs boson (mjo = 120.5 GeV) can not be encountered in these
scenarios. Since the resonances of the heavy and pseudoscalar Higgs bosons occur at peyn &
1900 GeV, the dependence of the cross sections on the energy is weak in the region of our
interest. Note that the light scalar Higgs masses are with mo = 120.5 GeV and myo = 120.8
GeV practically independent from the rather important variation of the trilinear coupling Aq.
The difference between the cross sections obtained with the micrOMEGAs calculation and our
tree-level calculation are explained, as in the case of bottom quarks, by the different treatment
of the top quark mass in the Yukawa couplings. micrOMEGAs uses an effective mass, while
our calculation includes the value of the pole mass for the top quark, as discussed in Sec. 4.2.
Numerically important contributions arise then from the QCD and SUSY-QCD corrections,
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Figure 4.12: The annihilation cross section oanpv of a neutralino pair into a top quark-
antiquark pair multiplied with the relative neutralino velocity v for our scenarios 3 (left) and
4 (right). We show our tree-level result (green dash-dotted), the cross section implemented in
micrOMEGAs 2.1 (red dashed), and the cross section including the full QCD and SUSY-QCD
corrections (blue solid). The coloured area indicates, in arbitrary units, the s-dependence of
the Boltzmann velocity distribution involved in the calculation of the thermal averaged cross
section.
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Figure 4.13: The annihilation cross sections aéﬁv (left) and aé@lv of a neutralino pair

into a bottom or top quark-antiquark pair multiplied with the relative neutralino velocity
v for our scenarios 5. We show our tree-level result (green dash-dotted), the cross section
implemented in micrOMEGAs 2.1 (red dashed), and the cross section including the full QCD
and SUSY-QCD corrections (blue solid). The coloured area indicates, in arbitrary units, the
s-dependence of the Boltzmann velocity distribution involved in the calculation of the thermal
averaged cross section.
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that increase the annihilation cross section by up to 50 percent of the tree-level value in both
scenarios.

Finally, let us discuss the neutralino pair annihilation cross section into bottom and top
quark pairs for scenario 5 shown in Fig. 4.13. This parameter point is located in the focus
point region at large tan § = 50. Bottom quarks contribute here already to 15 percent of the
total annihilation cross section, while top quarks are still dominant with 64 percent. This is
due to the fact that the cross section for top quarks is about five times larger than the one for
bottom quarks, as can be seen in Fig. 4.13. The neutralino mass is here mgo = 245.5 GeV,
so that again no Higgs resonance is visible in the interesting range with p.,, < 150 GeV. The
tree-level calculation compared to micrOMEGAs shows the differences already discussed for the
other parameter points. The corrections due to one-loop QCD and SUSY-QCD diagrams
increase the cross section by about 50 percent for bottom and 20 percent for top quark final
states, which corresponds to their numerical impact for the other scenarios.

4.4 Impact on the Neutralino Relic Density

We now study the effects of the QCD and SUSY-QCD corrections to neutralino annihilation
into top and bottom quark-antiquark pairs on the prediction of the neutralino relic density.
To this aim, the cross section including the corrections has been implemented into the public
code micrOMEGAs 2.1. In this way, the relic density can be calculated either using the tree-
level calculation for the processes shown in Fig. 4.1 or taking into account the new corrections
presented in Sec. 4.2 for top- and/or bottom-quark final states.

In Fig. 4.14 we show the predictions for the relic density as a function m,, and fixed
mo = 1500 GeV, i.e. for a slope in the vicinity of our scenario 1. Since both the Higgs pole
and the WMAP favoured band are independent from my in this region (see Fig. 4.3), we
do not study here a variation of mg. We show the relic density obtained with micrOMEGAs
2.1 using the originally implemented cross section (red dashed), our calculation of the tree-
level (green dash-dotted), as well as our calculation including the full QCD and SUSY-QCD
corrections (blue solid). The current limits of Eq. (2.7) obtained from WMAP, supernovae,
and BAO data are represented as a coloured band. The Higgs pole is situated at m; 5 = 138.5
GeV, where the relic density is too low due to the enhanced annihilation cross section. To
both sides of the pole, the cross section falls rapidly (see Fig. 4.11), so that the relic density
increases. In consequence, two allowed intervals for my/, are observed, the first being rather
large at m /5 ~ 128.5 — 130.0 GeV, the second very narrow around my , =~ 138.3 GeV. Note
that the latter is invisible on the scans of Fig. 4.3 due to the insufficient resolution. At lower
values of my /5, the relic density is with Qcpmh? ~ 0.17 again rather low, but does not reach
the WMAP favoured band. This behaviour is explained by the resonance of the Z°boson,
situated at my/, = 110.8 GeV and enhancing again the annihilation cross section. However,
the region where my/, < 126 GeV, indicated by a vertical dashed line, is already excluded
by the LEP mass limits on the chargino, that becomes too light at such low values of the
gaugino mass parameter my o.

The differences between the tree-level calculations due to the treatment of the bottom
quark mass and discussed in Sec. 4.3 propagate into the prediction of the relic density pre-
sented here. Since the annihilation through Z%-boson exchange does not involve a quark
Yukawa coupling, this difference is absent in the region around the Z%-pole, where our tree-
level prediction agrees well with the micrOMEGAs calculation. Taking into account the full
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Figure 4.14: Prediction for the neutralino relic density Qcpmh? as a function of the gaugino
mass parameter m,p for our scenario 1. The coloured band indicates the cosmologically
favoured region at 20, while the vertical dashed line separates the excluded (left) from the
allowed (right) regions due to the LEP chargino-mass limit.

one-loop QCD and SUSY-QCD corrections, the relic density decreases. This is coherent with
the increase of the cross section observed in Fig. 4.11. Since the numerically most important
contribution, the bottom quark mass resummation, is already included as an effective cou-
pling in the tree-level calculation, the decrease in the relic density around the Higgs pole is
rather small. It is even smaller than the difference between the two predictions including the
effective tree-level annihilation cross section. Note that, in order to compensate the larger
annihilation cross section, the cosmologically preferred region is shifted away from the Higgs
pole to smaller gaugino masses myy, i.e. it approaches the exclusion limit on the chargino
mass. Concerning the exchange of a Z%boson, no corrections are included in the tree-level
calculation, so that the impact of the QCD and SUSY-QCD corrections is numerically more
important around the Z%-resonance.

In Fig. 4.15, we show the prediction for the neutralino relic density for our scenario 2. We
here analyze its dependence on the scalar mass parameter mg and the gaugino mass parameter
myp. This scenario is situated at high tan 3 in the Higgs funnel region of the parameter
space, and bottom quark final states contribute 83 percent of the total annihilation cross
section. Again, a difference between the results obtained using the effective cross section at
the tree-level is observed in both graphs. When implementing the one-loop corrections, the
cross section is increased and the predicted relic density is significantly lower, resulting in a
deformation of the cosmologically favoured contour in the parameter space. In particular, the
allowed intervals for mg and m; ;, based on the tree-level calculation are split into two ranges
for the mass parameters, respectively. This is well visible in both panels of Fig. 4.15 and
underlines again the importance of the non-resummable QCD and SUSY-QCD contributions
to the annihilation cross section in this region of the mSUGRA parameter space.

Let us now turn to the scenarios that are dominated by top quark final states. In Fig. 4.16
we show the prediction of the neutralino relic density for scenario 3 in the focus point region,
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Figure 4.15: The prediction for the neutralino relic density Qcpmh? as a function of the
scalar mass parameter mg (left) and the gaugino mass parameter m s, (right) for our scenario
2 obtained with micrOMEGAs 2.1 including their cross section calculation (red dashed), our
tree-level calculation (greed dash-dotted), and our full one-loop QCD and SUSY-QCD cross
section (blue solid) of the annihilation into bb and tf final states. The coloured band indicates
the cosmologically favoured region at 2o.
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Figure 4.16: Same as Fig. 4.15 for our scenario 3.
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Figure 4.17: Same as Fig. 4.15 for our scenario 4.

where top final states contribute 72 percent to the thermally averaged annihilation cross
section (o,nnv). Again, we analyze variations of mg and my /2 around the original parameter
point. Here, the predictions based on the effective tree-level are in good agreement. As for
the bottom quark final states, the one-loop QCD and SUSY-QCD corrections then increase
the annihilation cross section, resulting in a decrease of about 20 percent in the neutralino
relic density. In order to compensate this decrease, the WMAP-favoured regions are shifted
to smaller scalar masses mg, but larger gaugino masses m; 5. This deformation gives rise to
shifts of up to 50 GeV in mg and up to 30 GeV in m; 5 and is therefore rather important. Note
also that due to the implemented corrections, the WMAP favoured band becomes slightly
larger, as can be seen in Fig. 4.15.

Scenario 4 is also situated in the focus point region at small tan 8 = 10, but features
a non-vanishing trilinear coupling Ag = —1500 GeV. The corresponding predictions for the
neutralino relic density obtained with micrOMEGAs 2.1 are shown in Fig. 4.17. The situation
is very similar to the one of the previous parameter point. We have rather good agreement
between our tree-level calculation and the one implemented in micrOMEGAs 2.1, while the
new one-loop corrections lead to a decrease of the order of 15 percent in the neutralino
relic density. The preferred intervals are shifted smaller values of mg and to larger my s,
respectively.

Our scenario 5, lying in the focus point region at high tan 5 = 50, presents an interesting
configuration, since it receives sizeable annihilation contributions both from bottom (15%)
and top (64%) quark final states. In the analysis of the impact of the one-loop corrections on
the prediction of the neutralino relic density, shown in Fig. 4.18, we take into account not only
the effective cross section at the tree-level and the full one-loop corrected cross section, but
also the cross section taking into account only the one-loop corrections to the bottom quark
final state while including only the effective tree-level for the top quarks. The latter is shown
as an additional black dotted curve in the two panels of Fig. 4.18. It is interesting to note
that the one-loop corrections to annihilation into bottom quarks contribute as much as about
50 percent of the total correction, while the total contribution of bottom quark final states is
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Figure 4.18: Same as Fig. 4.15 for our scenario 5. We here show in addition the neutralino
relic density obtained implementing only the corrections to bottom quark final states (black
dotted).

only of 15 percent in this region of the parameter space. This is explained by the fact that the
annihilation cross section for bb final states receives numerically more important corrections
that the one for tf, as can be seen in Fig. 4.15. As in the other focus point scenarios, the
WMAP favoured contour is shifted to smaller values of mg and higher values of m; /. The
total shift is here of about 25 GeV in mg and 10 GeV in my/,. Note that the two independent
contributions to the correction deform the contour in the same direction.

72



tel-00324542, version 2 - 5 Nov 2008

Chapter 5

Supersymmetric Particle
Production at the LHC

As already seen in Chap. 2, non-minimal flavour violation (NMFV) may lead to interesting
phenomenological aspects, in particular due to the avoided crossings of mass eigenvalues.
This also holds for the production of supersymmetric particles at hadron colliders, which is
discussed for the case of gauge-mediated Supersymmetry breaking (GMSB) in this Chapter.
A similar study has been presented for mSUGRA scenarios within Ref. [65], that is, however,
beyond the scope of this Thesis.

Total unpolarized hadronic cross sections

1 1/2Int tmax ) ) dé
o= [ ar [0 ay [t fuaen M) (M) G (5D
4m?/s —1/2InTt tmin

are obtained through convolving the relevant partonic cross section dé/d¢ with universal
parton densities f,/4 and f,/p of partons a, b in the hadrons A, B, which depend on the
longitudinal momentum fractions of the two partons z,;, = V/7e and on the unphysical
factorization scales M,;. Unpolarized cross sections, averaged over initial spins, can be
derived from the expression

1
dé = Z |:d5'1’1 + da'l,_l + dOA-—l,l + da——l,—l]v (52)

while single- and double-polarized cross sections, including the same average factor for initial
spins, are given by

1

dA6, = Z |:dOA'171 + dOA'L_l — dOA'_l,l — d5_17_1:|, (5.3)
1

dA6L, = 1 [dOA'Ll —doy,—1 —do_11 + d5_17_1}. (5.4)

We first give analytical expressions for the helicity-depending partonic production cross
sections day,, p, of squarks, gluinos, gauginos, and gravitinos in non-minimal flavour violating
Supersymmetry. We also include analytical results for decay widths that involve gravitinos.
We finally present numerical predictions for the relevant production channels at the CERN
Large Hadron Collider (LHC) for the benchmark points E to J presented in Chap. 2 [66].
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Figure 5.1: Tree-level Feynman diagrams for the production of charged squark-antisquark
pairs in quark-antiquark collisions.

5.1 Squark and Gaugino Production

For definite helicities h,, hy of the initial state partons a,b = ¢, q, g the cross sections are

expressed in terms of the squark, chargino, neutralino, and gluino masses mg,, m_+, m
k

X Xp

and mg, the conventional Mandelstam variables

s = (patm)’ t = (pa—m)’ and u = (po—p), (5.5)

and the masses of the neutral and charged electroweak gauge bosons myz and my,. Propaga-
tors appear as mass-subtracted Mandelstam variables

s¢ = s—mg, te = t—m?, and ug = u—mg, (5.6)
for ¢ = Z, W, q;, ¢, )Zlf, )22. The generalized coupling strengths in non-minimal flavour
violating Supersymmetry are denoted Lgp., Rape, or for simplicity

{C;bc’ Cgbc} = {Labca Rabc}- (5.7)

Also involved are several form factors, which are, together with all generalized couplings and
charges, listed in App. A. Note that the definition slightly differs from the one of Ref. [65] in
order to have a single notation for chargino and neutralino production and decays.

Let us start with the production of charged squark-antisquark pairs proceeding from an
equally charged quark-antiquark initial state through the Feynman diagrams shown in Fig.
5.1. The corresponding cross section can be written in a compact way as

~qq’ i
ho  _ (12 ) (14 ) K+<§: N >+@+<§: VW] >+ [gw]]
o siv s et 2\ tysw t2
- .
N G2
+(1 = ha) (1 — hp) ( 12 >+_
L k,§1:31 tigtfc? t% |
S -
N3 Go1
+ (14 ha) (1 + hy) (Z e R
L\ kl=1 Xk Xi g |
S -
N3 G2
+ (14 ha) (1= hy) (Z Mfo) + =5 | (5.8)
L\ kl=1 Xk Xi g |

where coupling constants and Dirac traces are contained in the form factors. In constrained
minimal flavour violation (¢cMFV), superpartners of heavy flavours can only be produced
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through the purely left-handed s-channel W-boson exchange, since the t-channel diagrams
are suppressed by the small bottom and negligible top quark densities in the proton, and
one recovers the result of Ref. [132]. In non-minimal flavour violation (NMFV), ¢-channel
exchanges can, however, contribute to heavy-flavour final state production from light-flavour
initial states and even become dominant, due to the strong gluino coupling.

Neutral squark-antisquark pairs are produced either from equally neutral quark-antiquark
initial states through different gauge-boson or gaugino exchanges or from gluon fusion through
purely strong couplings. The corresponding Feynman diagrams are shown in Fig. 5.2. The
differential cross section for quark-antiquark scattering is given by

do?

Z 57
y+Zl+g+Q_121+D’] 6], +[g ],
52 tg 887 tzs tgsz

+@+< 5 M >+Z<W}’f L el M’f)

tzs Pyt txgtx? tigs tXQSZ tigs

2. oM cyl®  [ezlF  [egl”
(S 4 ) o2 fet el
oo bl o\ s sz Liks

g Z A
Y & G o [V2, [0V, [97],
52 322 52

(14 ha) (1= hy)

t; 55y t5s t5S7

L1969, (5~ M\ (), V2l | vl
! 2_: +k§::1 e | bger G
2 2 k k k
CA! cy],  [cz],  [cg]
+< Z t- ;tzi) +Z< t~os2 + t~iSZ2 + t~i82
k=1 Xk k=1 Xk Xk

1 ha) (1= ) %(Z s >+(Z " t>
L 9 i

k=1 X X{ k=1 X

G 1 N 20 Y]
+(1+ ha) (1 + hy) %‘F(Z — 21 >+<Z o i)
L 9 i

k=1 Xp X} k=1 X

(5.9)

where only very few interferences are eliminated due to colour conservation. The gluon-
initiated cross section reads

de?? , o Ot u- 25m?2 sm?2
a S 1— 74 9 1— hah o qi 1— hah o q;i 1
dt 652 C4g2 ( b) t U ( b) - ) (5.10)

Gi W ttiz‘ Ug;

involving only the strong coupling constant and being therefore more compact. In the limit of
constrained minimal flavour violation (cMFV), but diagonal or non-diagonal squark helicity,
these results agree with those of Ref. [132]. Diagonal production of identical squark-antisquark
mass eigenstates is, of course, dominated by the strong quark-antiquark and gluon-gluon
channels. Their relative importance depends on the partonic luminosity and thus on the type
and energy of the hadron collider under consideration. Non-diagonal production of squarks
of different helicity or flavour involves only electroweak and gluino-mediated quark-antiquark
scattering, and the relative importance of these processes depends largely on the gluino mass.
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Figure 5.2: Tree-level Feynman diagrams for the production of neutral squark-antisquark
pairs.

While squark-antisquark pairs are readily produced in pp collisions, e.g. at the Tevatron,
from valence quarks and antiquarks, pp colliders have a larger quark-quark luminosity and
will thus more easily lead to squark pair production. The production of one down-type and
one up-type squark in the collision of an up-type and a down-type quark proceeds through
the t-channel chargino or u-channel neutralino and gluino exchanges shown in Fig. 5.3. The
corresponding cross section is given by

Aqq 2 Ll 4
ha,h gn Cii N
— = (1= he) (1= ) | St — )+ >
Ug k=1 Xk'Xi ki1 g sy

oD Doy 7 s
2 kl 4
(1+ ha) (1+ hy) 9222+ 3 C3 n N
ug k=1 txntx ooy U0 Ugo
+ 22 | 4 22
(kzzl z; b Uy ; t2n U
2 kl 4
+(1 = he) (1 + hy) 9_122+ 3 Ciz |, NE
Uz k=1 tntx ooy U0 Ugo
+ 12 ) 4 12
(; ; b Uy kzzl t2n U
2 kl 4
b (- ) |2 [ S Gy B
Uz k=1 tntx k=1 U0 Ugo
+<ZZ[ bn )., Z[ 9a ) | (5.11)
oD Doty = tls

Note the absence of a neutralino-gluino interference term due to colour conservation. The
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Figure 5.3: Tree-level Feynman diagrams for the production of an up-type and a down-type
squark in the collision of an up-type and a down-type quark.

cross section for the charge-conjugated production of antisquarks from antiquarks can be
obtained from the equations above by replacing h,;, — —hgyp. Heavy flavour final states
are completely absent in constrained minimal flavour violation (cMFV) due to the negligible
top quark and small bottom quark densities in the proton and can thus only be obtained in
non-minimal flavour violation.

In Fig. 5.4, we show the Feynman diagrams for the production of a pair of up-type or
down-type squarks. Taking into account non-minimal flavour violation, neutralino and gluino
exchanges can lead to identical squark flavours for different quark initial states, so that both
t- and u-channels contribute and may interfere. In the cross section

~49
daha 7hb
dt

(1~ ha) (1~ o)

>

([NT] I ’fi) L lom)}

kil kil k k
(o lomuly | (Woall | o
ug tzug P th Ug u;cgtg
(1+ ha) (1 4 o) 24: < NT]S | v, " ., IVTU] ’;;) L 197] .
1 —I— 519 k,l:l t- ot UXO Ugo tf(% Ugo t;
k
| Lo, [gm n Z NGAL, | [VGBl,
u? UG [ RO Ug U0l
F tgug g X0tg
kl kl kl kl
(1_h 1+hb 24: NT] [Nu]n + [NTU]H + [gT]H
1+ ;5 k,l:l ts ot 0 uﬁguﬁ) tiiui? t;
k
(o lomaly S (weall, | o)
’LL% tg’LLg P tf(% Ug uggtg
(L4 ha) (1= 1) 24: NT e L vy, " ks " L 197] o
1 —I— 51) k,l:l ot 0 UXO UX? tf(% UX? t%
u TU 1 ([NGA NGB
+ [gu; 21 + [gtNuN] 21 + Z ( [ tg 121 + [ g t]~21> (512)
G gUg 1 X0 Ug Ugoty

gluinos dominate over neutralino exchanges due to their strong coupling, and the two only
interfere in the mixed ¢- and u-channels due to colour conservation. At the LHC, up-type
squark pair production should dominate over mixed up-/down-type squark production and
down-type squark pair production, since the proton contains two valence up-quarks and only
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Figure 5.4: Tree-level Feynman diagrams for the production of two up-type or down-type
squarks.

Figure 5.5: Tree-level Feynman diagrams for the associated production of a squark and a
gaugino.

one valence down-quark. As before, the charge conjugate production of antisquark pairs is
obtained by making the replacement h,j — —hgp. If we neglect electroweak contributions as
well as squark flavour and helicity mixing and sum over left- and right-handed squark states,
we recover the results from Ref. [133].

The associated production of squarks and neutralinos or charginos is a semi-weak process
originating from quark-gluon initial states. The s-channel quark and the t-channel squark
contributions are shown in Fig. 5.5. Flavour violation is involved through the quark-squark-
gaugino vertex. The corresponding differential cross section can be written without form
factors as

- UT [(1 — ha) (1= ho) | Lgigs, | + (14 ha) (1 + ) ‘qu%‘?]

~q9
daha,h;, T
- c2
dt ngs

2 )‘quqxg‘ + (1+ ha) | Raig, ‘2}

)
q’L
2

2(ut —m2m?2
2 ) T ) (= ) L [+ (14 ) (1 i) | R,
Stq qiqx;j qiqXj
+M 1= ho)|Laoe | + (14 ho) | Reos. 2] |, (5.13)
stg, qiqX;j 4idXj

where ny = 6 sin® 9w(1 — sin? QW) for neutralinos and ng = 12 sin? @y for charginos. The
t-channel diagram involves the coupling of the gluon to scalars and does thus not depend
on its helicity h;y. The cross section of the charge-conjugate process can be obtained by
taking h, — —h,. Third generation squarks can, again, only be produced in non-minimal
flavour violation (NMFV), preferably through a light (valence) quark in the s-channel. For
non-mixing squarks and gauginos, we agree again with the results of Ref. [133].
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Figure 5.6: Tree-level Feynman diagrams for gaugino pair production.

We finally consider the purely electroweak production of gaugino pairs from quark-anti-
quark initial states, shown in Fig. 5.6. Flavour violation can here occur via the quark-squark-
gaugino vertices in the ¢- and u-channels. However, since the summation over complete
squark multiplet exchanges makes these channels insensitive to the exchanged squark flavour,
the only dependence on flavour violation is due to the different parton density weights in the
proton. Furthermore, there are no final state squarks that could be experimentally tagged.
The cross section

qu(T’ 2
Thohe T ) (1+ hy)

ar 352 |Q%L|2u>~éiu>~6j + |QEL|2t9~(it9~6j

+2%{Q%*LQI€LL }mf(imf(j S]

7'1'0[2

+ 352

(1 + ha) (1 - hb) [‘Q%Rfufaufq + |Q§2R‘2t>~<it>~<j

+2R{QERrQRR } My, 8]

7'1'0[2

+ 352 (1 + h“) (1 + hb) ‘Q%quféiuf(j + |Q§%L|2tfat>~q

+28‘E{Q?{ZQ%L} (ut — m%im?@)]

2
+%(1 o h“) (1 B hb) [‘Q%Rfuf(iuf(j + |QtLR|2t>~(it>~<]‘
+2R{Q1RQLR} (ut — mfzim?q)] (5.14)

can be expressed in terms of the generalized charges given in App. A. The charge-conjugate
process is again obtained by replacing hqp — —hgyp. The cross section for chargino pair
production in eTe™ collisions can be deduced by setting eg — e = —1, Lyyz — Leez =
(2T13 — 2¢;sin? HW) and Ryyz — Reez = —2¢ sin? Ay. Neglecting all Yukawa couplings, our
cross section then agrees with the results of Ref. [134]. We also agree with the results of
Ref. [135] for chargino pair production in the case of non-mixing squarks. For the associated
production of a chargino and a neutralino, we recover the results of Ref. [136], provided we
correct a sign in their Eq. (2) as described in Ref. [137].
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Figure 5.7: Leading order Feynman diagrams for the associated production of a gravitino
and a gluino.

5.2 Production Cross Sections and Decays involving Graviti-
nos

If the gravitino is light, as it can be the case e.g. in scenarios with gauge-mediated Super-
symmetry breaking, it is also interesting to study its production at current hadron colliders.
In this Section, we present analytical expressions in non-minimal flavour violating Super-
symmetry for the production cross section of gravitinos in association with squarks, gluinos,
charginos, or neutralinos at hadron colliders, as well as for the decay widths of supersymmetric
particles involving gravitinos.

We refer to the effective Lagrangian for light gravitinos and the corresponding couplings
of goldstinos with quarks, squarks, gluons, and gluinos discussed e.g. in Ref. [67]. All vertices
are proportional to the Supersymmetry-breaking mass terms mé — mg and mg. The Yukawa
coupling of the goldstino to quarks and squarks can be obtained from the gluino-quark-squark
vertex by the replacement [138]

m2 —m2

¢ s 4 5.15
9s 1) \/EMPmé ( )
while the goldstino-gluon-gluino vertex can be obtained from the gluino-gluino-gluon coupling

by the replacement
2

— gs feyt — i 77" Gab, (5.16)
2v/6Mpm,

p denoting the incoming momentum of the gluon. For a summary of couplings in non-minimal
flavour violating Supersymmetry, in particular for the gluino, see App. A. In all expressions,
we neglect the small gravitino mass m with respect to the other particle masses, except for

the above couplings.
The associated production of a gravitino and a gluino originates either from a neutral
quark-antiquark pair or from a gluon pair initial state, as it is shown in Fig. 5.7. The
quark-antiquark annihilation subprocess contains s-channel gluon and ¢- and u-channel squark
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Figure 5.8: Leading order Feynman diagrams for the associated production of a gravitino
and a neutralino or chargino.

exchange contributions. The corresponding differential cross section is

% - Ty P 22: L4 (=) ha) (1 + (=1)"hs) (5.17)
t 27s Mpmé =
2ut — m2(t +u) O .
X [mg[ g Z (z ™ _) ( gfe{quqgct}]kq ' ﬂ Ogq' 011
k=1

+ Z m m CJ* CI* CJ ( tg + ugu o tu(l_élj))]’

@ qkqg ara'9- a3~ 0d'g . i
ki1 gty 2ug,ug tapta

where we use again the generic notation of Eq. (5.7) for the coupling strengths Cigc"]}. Flavour

violation can be involved through the squark-quark-gluino and squark-quark-gravitino ver-
tices. However, the summation over the complete squark multiplet reduces these effects, the
small remaining sensitivity coming from the different parton density weights, as it is the case
for gaugino-pair production. The gluon fusion subprocess involves a quartic coupling and a
gluon and a two gluino exchange diagrams, yielding the cross section

dop? . agm? t5 —mZ(3t* + 3tu + u?)m3 (3t + 2u) — m
dt 329M2m 7 | (14 faln) ( 2
+(t - u)2 _|_m§(2t +u) — m§t+ 2tt(u —t) +m2(2t +u) —mj
2 7
Ctutmg(t+u) —my t2 uug
tu) (1= hohp) —52| + {t & u}. (5.18)
taug g

Note that this cross section is not affected by flavour violation and the expression is therefore
rather compact.

The associated production of a gravitino and a chargino or neutralino proceeds through
the diagrams shown in Fig. 5.8, i.e. from the collision of a quark-antiquark pair and through
t- or u-channel squark exchanges. It can involve flavour violation effects through the squark-
quark-gravitino and the squark-quark-gaugino vertices, but these are again reduced when we
sum over all squarks in a given supermultiplet. The differential cross section can be obtained
from Eq. (5.17) by removing the s-channel contribution and its interferences and replacing
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Figure 5.9: Leading order Feynman diagrams for the associated production of a gravitino
and a squark.

the gluino-squark-quark coupling by the chargino-squark-quark ones,

do-havhb

2 6
_ - I J 2.2
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c! ¢l ,.clL ]

cl
(1_6,[]) k99~ qrq’ 9Xi 09’3 099Xi (519)

tg, ug,

Finally, gravitinos can also be produced in association with squarks, as shown in Fig.
5.9. Originating from a quark-gluon initial state and proceeding through s-channel quark,
t-channel squark, or u-channel gluino exchange, flavour violation effects can occur here as
before due to the squark-quark-gluino and squark-quark-gravitino vertices. The associated
cross section is given by

doy? Qs [( miu - 2mjut mg_us 2mZme t*u )
AT bl X — -z _ ? + 7 _ 7
2 N2 2 ~ 2 2
dt 1445 Mpme, s stg, uz stz

% [(1 — ha) (1= )| Laag|” + (1 + ha) (1 + hy) \quqgf]

m2 t?u
S 0 ) gl (1 ) R
qi
mgtu2 2 2
! [(1_ha)(1+hb)\%\ +(1+ha)(1_+hb)|Rm\]  (5.20)
g

Note that the expressions in Eqgs. (5.17) - (5.20) agree in the limit of constrained minimal
flavour violation and non-mixing mass-degenerate squarks with the results of Ref. [67].

We now turn from the production to the two-body decay processes of supersymmetric
particles. As for the cross sections, we express them in terms of the masses of the involved
particles, the electroweak gauge boson masses, myz and myy, and the reduced Planck mass
Mp. Analytical expressions for decay widths of squarks, gluons, and gauginos in non-minimal
flavour violation Supersymmetry can be found in Ref. [65], but without taking into account
final states with a gravitinos. We here extend this work and focus on the decays that involve
gravitinos shown in Fig. 5.10, i.e. decays of a supersymmetric particle into its Standard Model
partner and a gravitino.
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Figure 5.10: Leading order Feynman diagrams for the decay of a squark, a gluino, or a
gaugino into its Standard Model partner and a gravitino.

Flavour violation is involved here only in the squark decay through the squark-quark-
gravitino coupling. The corresponding decay width is given by
2 2 )2
(mﬂi — ka)

2 2
Gi—qG T 487TmS3 ]\4]23,m2~ (| ijiqké| + ‘Lijiqké| >7 (5-21)
qi G

where we have again neglected the gravitino mass everywhere except in the coupling constant.
The corresponding slepton decay width can easily be deduced from the previous result by
replacing consistently the couplings and masses. Note that there is no need to adapt colour
factors, since they are equal to unity for each decay mode except for the gluino which is not
relevant for slepton decay. In the limit of constrained minimal flavour violation (cMFV) we
recover the result for the decay width of Ref. [67]. For completeness, we recall the expressions
of gluino, chargino, and neutralino decays involving gravitinos but no flavour violation [139],

m2
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5.3 Numerical Predictions for the LHC

In this Section, we present numerical predictions for the production cross sections in non-
minimal flavour violating Supersymmetry at the CERN Large Hadron Collider (LHC), i.e.
for pp-collisions at /s = 14 TeV centre-of-momentum energy [66]. For consistency with
our leading order (LO) QCD calculation in the collinear approximation, where all quark
masses but the top mass are neglected with respect to the centre-of-momentum energy /s,
we employ the LO set of the latest CTEQ6 global parton density fit [140], which includes
ny =5 “light” quark flavours and the gluon, but no top-quark density. Whenever it occurs,
i.e. for gluon initial states and gluon and gluino exchanges, the strong coupling constant
as(pr) is calculated with the corresponding LO value of Azfoz5 = 165 MeV. We identify the
renormalization scale purp with the factorization scales M, = M, and set the scales to the
average mass of the produced supersymmetric particles.

In Figs. 5.11 — 5.22, we show examples of the obtained numerical cross sections for
charged squark-antisquark and squark-squark production, neutral up- and down-type squark-
antisquark and squark-squark pair production, associated production of squarks with charginos
and neutralinos, and gaugino pair production for our benchmark points E, F, G, H, I, and J,
and for both of the two considered implementations of non-minimal flavour violation in the
GMSB model discussed in Sec. 2.4.2. We recall that the first is based on mixing between mat-
ter and fundamental messengers, leading to flavour mixing only in the left-left chiral squark
sector and implemented at the electroweak scale through the parameter Ar, while Arg is set
to zero. The second scenario involves mixing with antisymmetric messengers, giving rise to
flavour violation in both the left-left and right-right chiral squark sectors governed by the
parameter A\, = Arr. For the sake of better readability, we show only the numerically most
important curves as well as a selection of those that involve visible flavour violating effects.

The magnitudes of the cross sections vary from the barely visible level of 1072 fb for
weak production of heavy final states over the semi-strong production of average squarks
and gauginos and quark-gluon initial states to large cross sections of 10? to 10® fb for the
strong production of diagonal squark-squark and squark-antisquark pairs or weak production
of very light gaugino pairs. Unfortunately, the processes whose cross sections are largest are
mostly insensitive to the parameter Arp, in both flavour violation scenarios, as the strong
gauge interaction is insensitive to quark flavours and gaugino pair production cross sections
are summed over exchanged squark flavours.

Some of the subleading, non-diagonal cross sections show, however, sharp transitions in
particular squark production channels. These transitions are directly related to the “avoided
crossings” of the mass eigenvalues discussed in Sec. 2.4.3. At the point, where two levels should
cross, the involved squarks change character and are subject to an exchange of their flavour
contents. Rather than the mass dependence on Arj,, these exchanges then lead together with
the different parton densities in the proton to more or less sharp transitions in the production
cross sections, where the corresponding squarks are involved. This phenomenon is analogously
observed in the case of squark and gaugino hadroproduction in minimal supergravity [65].

As an example, let us discuss in detail the production of quarks and gauginos for our
benchmark point E. The cross sections in the flavour violation scenario based on fundamental
messengers are shown in Fig. 5.11. “Avoided crossing” of mass eigenvalues occur here, e.g.,
for down-type squarks at a value of Arr, &~ 0.145 between the squarks ds and dy, see also
Fig. 2.16. Before this point, ds is characterized by a dominant sdown content, while dy has
first a dominant sbottom and then sstrange content. For Arp, = 0.145, these contents are

~
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exchanged, i.e. ds is then a strange-squark and dy becomes sdown-like. As a consequence, the
cross sections involving the two mass eigenstates exchange their values, since the production
of first generation squarks is preferred due to the more important parton density of up- and
down-quarks in the proton. This can be seen in our example for the production of down-
type squark-squark and squark-antisquark pairs, mixed up- and down-type squark-squark
and squark-antisquark pair production, as well as for the associated production of down-type
squarks and charginos or neutralinos.

For up-type squarks, the level-reordering phenomenon occurs at values of Ary, ~ 0.09 in
the range excluded by the constraint from the inclusive branching ratio BR(b — s7v) (left
of the vertical green dashed line) and is therefore not shown here. However, another effect
becomes visible in the case of production cross sections that involve final states with up-
type squarks. Some of the mass eigenstates do not present sharp transitions, but rather
a continuous change in their flavour content. This is, e.g., the case for the lightest mass
eigenstate 1. The corresponding production cross sections increase smoothly with the flavour
violation parameter Ay, which is explained by the fact that at lower values of Ar 1, the lightest
up-squark @ is mostly stop-like, but receives sizeable contributions of the light flavours for
higher App,. Together with the more important parton densities, this results in an increase of
the corresponding production cross sections. In the same way, we also observe cross sections
that decrease with Ary,, due to a decrease of the light flavour content of the involved squarks.

The same phenomena are observed in the case of our second flavour violation scenario
with antisymmetric messengers, see Fig. 5.12 for the benchmark point E. Note that here also
“avoided crossings” between up-type squark mass eigenstates are observed, e.g. between 1ty
and U5 at A\pp, ~ 0.11, which lies, however, already in the range excluded by BR(b — s7v). In
this example, the u5 loses its important up-squark content to the scharm-dominated 4. The
latter becomes then purely sup-like, enhancing its production cross section due to the parton
density in the proton, while the cross sections involving 5 become less important.

For the benchmark points H with fundamental (see Fig. 5.17) and I (Fig. 5.20) and J (Fig.
5.22) with antisymmetric messengers, we observe a third effect at A, = 0.158, 0.132, and 0.114,
respectively. Here, the pair production of up-type squark pairs (@suy for fundamental and
u4us for antisymmetric messengers) exhibits an interesting resonance-like behaviour. It is
generated by the fact that these squark mass eigenstates exchange their up and charm flavour
contents (and also their chiralities in the case of antisymmetric messengers) at the critical
values of Arp, in a rather smooth way, so that both squark mass eigenstates receive significant
up-quark contributions to their production cross sections in the vicinity.

Let us recall that in the case of flavour mixing only in the left-left chiral sector, “avoided
crossings” occur among the ¢ 2, ¢34, and g5 ¢ mass eigenstates, whereas in the case of flavour
mixing in both the left-left and right-right chiral sectors, we rather observe the mass flips
among the ¢o 3 and ¢4 5 mass eigenstates, respectively. Note also that the difference between
the two flavour violation scenarios is invisible for the gaugino pair production in the bot-
tom right panels of Figs. 5.11 — 5.22, respectively, that are practically insensitive to flavour
violation in the squark sector.

Concerning the production of gravitinos, the cross sections corresponding to the channels
presented in Sec. 5.2 achieve sizeable orders of magnitude only in the case of a rather light
gravitino, see e.g. Ref. [67]. Contrary, if the latter is too heavy, its couplings are too small
to yield discoverable cross sections, since they are proportional to the inverse of the gravitino
mass squared. In particular, this is the case for our scenarios with gravitino cold dark matter
discussed in Sec. 2.4.5, where we have found a value of the order of mg ~ 10~ GeV in order to
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fulfill the different cosmological constraints. Note that, in order to have a very light gravitino
and in consequence sizeable production cross sections, one could consider a GMSB scenario
with gravitino hot dark matter (mgs < 1 keV) and additional cold dark matter from stable
messenger particles [141-144]. In scenarios with a mixing between messenger and matter
fields, however, the stability of the lightest messenger might be lost. We therefore do not
consider the production of light gravitinos in our GMSB scenarios with additional flavour
violation in the squark sector.
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Figure 5.11: Examples of cross sections for charged squark-antisquark and squark-squark
production, neutral up- and down-type squark-antisquark and squark-squark pair production,
associated production of squarks with charginos and neutralinos, and gaugino pair production
at the LHC in our benchmark scenario E with flavour violation in the left-left chiral squark
sector (Agr = 0). The allowed range for the flavour violation parameter Apy, is indicated by
vertical green dashed lines.
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Figure 5.12: Same as Fig. 5.11 for our benchmark scenario E with flavour violation in the
left-left and right-right chiral squark sectors (ArRr = ArL)-
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Same as Fig. 5.11 for our benchmark scenario F.

Figure 5.13
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Same as Fig. 5.12 for our benchmark scenario F.

Figure 5.14
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Same as Fig. 5.11 for our benchmark scenario G.

Figure 5.15
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Same as Fig. 5.12 for our benchmark scenario G.

Figure 5.16
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Same as Fig. 5.11 for our benchmark scenario H.

Figure 5.17
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Chapter 6

Conclusions and Perspectives

Supersymmetry is an attractive framework postulating a symmetry between bosonic and
fermionic degrees of freedom and thus predicting superpartners for the Standard Model par-
ticles. It cures the hierarchy problem between the electroweak and the Planck scale, leads to
gauge coupling unification, and provides promising candidates for the cold dark matter in our
Universe. However, since no superpartners have been observed so far, Supersymmetry has to
be broken. The exact mechanism of Supersymmetry-breaking is thus of particular interest,
in particular since there is no consensus on how it should proceed. Different scenarios are
accepted by the community, based on different ways of mediation of Supersymmetry-breaking
to the observable sector and leading to different phenomenologies. It is therefore essential to
constrain the parameter space within the different models, both at the electroweak and the
Supersymmetry-breaking scale.

In the first part of this Thesis, we have investigated in detail the different constraints that
can be imposed on the MSSM parameter space. Apart from direct mass limits from collider
experiments, these are in particular due to electroweak precision and low-energy observables,
such as the inclusive branching ratio BR(b — s7v), the electroweak parameter Ap, and the
anomalous magnetic moment of the muon a,. Further strong constraints come from cosmol-
ogy, requiring that a supersymmetric model should include a viable candidate for cold dark
matter and lead to a relic density agreeing with recent observational data. We have analyzed
these constraints for minimal supergravity (mSUGRA) and gauge-mediated Supersymmetry
breaking (GMSB) scenarios, where we have taken into account the possibility of non-minimal
flavour violation in the squark sector, implemented through two real parameters Arp and
ARR corresponding to the left-left and right-right chiral sectors, respectively. For the case of
minimal supergravity, allowed regions of the parameter space remain for up to reasonably im-
portant values of the off-diagonal elements of the squark mass matrices. For gauge-mediated
Supersymmetry-breaking, it turns out that the minimal model without additional sources
of flavour violation suffers from the constraints, in particular from the recent measurements
of the inclusive branching ration BR(b — sv). We have reintroduced flavour violation into
GMSB models by considering mixing between messenger and matter fields, that leads to
flavour mixing either only in the left-left or both in the left-left and right-right chiral squark
sectors. In both scenarios, this introduction of squark flavour violation opens windows in the
parameter space that are preferred by electroweak precision data with respect to the minimal
GMSB model. Based on our analysis, we have defined ten benchmark scenarios, that lie in the
experimentally favoured regions of the parameter space, that are “collider-friendly”, i.e. do
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not involve to high masses of the superpartners, and allow for non-minimal flavour violation
in a considerable range of the flavour mixing parameters Ap;, and Aggr. For these points, a
detailed study has revealed that the phenomenology of non-minimal flavour violation Super-
symmetry is strongly influenced by “avoided crossings” of squark mass eigenvalues. These
lead to exchanges of the flavour content between neighbouring up- or down-type squarks and
show in the numerical predictions for squark production cross sections.

We have also investigated in detail the cosmological implications on the benchmark sce-
narios. For mSUGRA, the neutralino relic density has been computed using the public code
DarkSUSY, which has been adapted to include squark flavour violation entries in the squark
rotation matrices. The four benchmark points in mSUGRA all lead to dark matter relic
density in agreement with current WMAP limits. For the scenarios with GMSB, where the dark
matter candidate is the gravitino, further constraints related to leptogenesis and big bang
nucleosynthesis have to be taken into account. It has been shown that for the six bench-
mark points, these can be well fulfilled by adjusting the gravitino mass. The only exception
concerns the preferred interval of the reheating temperature of the Universe, which enters in
conflict with the constraints preserving the abundances of light elements.

One important part of this Thesis deals with radiative corrections to the neutralino pair
annihilation cross section. The latter plays an important role in the prediction of the relic
dark matter density for a given supersymmetric model. Due to the large strong coupling
constant, corrections of O(ay) can have a numerically important impact on the annihilation
cross section, and in consequence on the relic density and the cosmologically favoured regions
in the MSSM parameter space. As a first step, we have calculated the radiative corrections
of O(as) to neutralino pair annihilation into a bottom quark-antiquark pair through the
exchange of a pseudoscalar Higgs boson. This process dominates in the so-called “A-funnel”
region of the mSUGRA parameter space at large tan 3. Including the corrections into the
public code DarkSUSY, we have demonstrated that they have an important impact on the
annihilation cross section and, in consequence, on the prediction of the neutralino relic density.
Taking into account the corrections, the preferred region in the parameter space is shifted to
smaller sparticle masses. We have also discussed the effects of the simultaneously corrected
width of the Higgs boson, which plays an important role near the Higgs pole.

The work concerning only the “A-funnel” region has then been extended by calculating
the complete QCD and SUSY-QCD corrections to neutralino pair annihilation into quark-
antiquark pairs at the one-loop level. A detailed analysis of the minimal supergravity pa-
rameter space has helped to identify the regions in the parameter space, where the different
quark-antiquark final states contribute significantly. As a first result, it has been revealed
that the first and second generation quarks only play important roles in regions that do either
not agree with the current WMAP limits or that are excluded by mass limits or the branch-
ing ratio BR(b — sv). In consequence, we have focused on the “heavy” third generation
quarks. The complete one-loop corrections of O(ag) have been implemented in a numerical
programme which has been used in combination with the public code micrOMEGAs. This has
allowed to study their impact on the neutralino pair annihilation cross section and the result-
ing neutralino relic density. We have shown that taking into account the corrections leads to
a modification of the cosmologically favoured regions in the mSUGRA parameter space. In
particular, we have revealed the effects of the contributions that are not yet implemented in
the public version of micrOMEGASs.

We finally have studied the production of squark and gauginos at the CERN Large
Hadron Collider (LHC) within gauge-mediated Supersymmetry-breaking models including
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non-minimal flavour violation. We have pointed out the novel effects of flavour breaking
entries in the squark mass matrices, mainly due to the “avoided crossings” of squark mass
eigenvalues, on the production cross sections.

As perspectives, the obtained results on non-minimal flavour violation (NMFV) in minimal
supergravity and gauge-mediated Supersymmetry-breaking encourage to investigate further in
this sector. It will be interesting to perform a similar analysis of the electroweak precision, low-
energy, and cosmological constraints for scenarios with anomaly-mediated Supersymmetry-
breaking (AMSB). Since in those models, Supersymmetry-breaking is mediated by gravity as
in mSUGRA, flavour violation naturally appears at the electroweak scale. It would also be
interesting to study numerically the gravitino production cross sections presented in Chap. 5.
However, a scenario with a light gravitino, agreeing with the experimental constraints, and
providing a viable candidate for the cold dark matter has to be found. This might also lead
the analysis of non-minimal flavour violation beyond mSUGRA and GMSB. Of course, for
better theoretical accuracy it would be necessary to include higher order corrections to the
production cross sections and decay widths.

Concerning dark matter annihilation, scenarios with important contributions of light
quark final states to the annihilation cross section have not yet been studied. However,
it has been shown that in mSUGRA models these scenarios are already excluded by current
mass limits and measurements of the b — sv branching ratio. We therefore should choose a
scenario beyond minimal supergravity with a neutralino LSP. Finally it would be interesting
to perform a study combining dark matter annihilation and non-minimal flavour violation.
This might be done for scenarios where coannihilations play an important role. The lightest
neutralino can then annihilate with a light stau or stop into Standard Model particles, which
may open space for flavour violation effects.
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Appendix A

Couplings and Form Factors in
Non-Minimal Flavour Violating
Supersymmetry

In this Appendix, we give detailed analytical expressions for generalized coupling strength,
charges, and form factors entering the squark and gaugino production cross section presented
in Chap. 5.

A.1 Generalized Strong and Electroweak Couplings

Considering the strong interaction first, the interaction of quarks, squarks, and gluinos, whose
coupling is normally just given by gs = /4mag, can in general lead to flavour violation in
the left- and right-handed chiral sectors through non-diagonal entries in the 6 x 6 squark
rotation matrices R? defined in Eqgs. (1.54) and (1.55) for up-type and down-type squarks,
respectively. The generalized left- and right-handed quark-squark-gluino couplings are then
given by [65]

{ququ,ququ} = {R;]'k7_7?’;l'(k+3)}7 (A1)

where, since the gluino is electrically neutral, the involved quark and squark both have to be
up- or down-type.

For the electroweak interaction, the square of the weak coupling gIZ/V = ¢%/sin? Oy is
defined in terms of the electromagnetic fine structure constant o = e2/(47) and the squared
sine of the electroweak mixing angle sin® 6y = 1 — cos? 6. Following the standard notation,
the W+ — W - )Z?E, Z0 — )ZZTF —X;> and 70 — ¥ — )Z? interaction vertexes are proportional to

1
L _ e e
Oij - _\/5-/\/;41)3'2 +M2Vj1,
OiJL = —VaVj - §Vi2vj2 + 0 sin? Oy,
1 | §
Off = —SNuNs+ ZNul, (A-2)
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and
1
05. — —EJ\/;EUJQ + Nl
1
O = Uil — SUilj2 + 0 sin® Oy,
o = o, (A-3)

where the matrices N, V, and V relate to neutralino and chargino mixing as discussed in Sec.
1.5.2.

In non-minimal flavour violating Supersymmetry, the coupling strengths of left- and right-
handed quark and squarks to the electroweak gauge bosons are given by [65]

Logz = (2170 — 2egsin® Oy )d,q,
3
3 .2 G >G*
Lq‘i[]'jz = (2Tq - 26[1' sSin HW) ZRZkng’
k=1

qu’W = \/ECOS Qquq/,

3 ~
LﬁichW = \/§COS 9W Z V'U«kdl ;LkR?l*, (A.4)
k=1
and
Reyyz = (217 — 2eq4sin® Oy )dyq,
3 ~ ~

Riqz = (273 —2e4sin® 0w) Y RI, o RYL o) (A.5)

k=1

respectively. The right-handed couplings to W-bosons are, of course, zero. Here, the weak
isospin quantum numbers are Ti g = 11 /2 for left-handed and T, ;” g =0 for right-handed
quarks and squarks, their fractional electromagnetic charges are denoted by e, s and Vj; are
the elements of the CKM-matrix, defined through

Vud Vus Vub
V=V = | Ve Ve Va (A.6)
Via Vis Vw

with the matrices V* and V¢ that rotate the up- and down-type quark interaction eigenstates
to the basis of physical mass eigenstates. To simplify the notation, we have introduced the
flavour indices dy = d, do = s, d3 = b, u1 = u, us = ¢, and ug = t.

The supersymmetric counterparts of the above vertices correspond to the quark-squark-
gaugino couplings, whose left- and right-handed contributions are given by [65]

_ 3\ o 3 dw | M COSOw dx

Llijdkf(? = |:(€q — Tq) sin HW./\/;l + Tq COS 0WM2:| Rjk + m i3Rj(k+3)7
3\ 3 . My, cos By .

Lﬁj“kf{? = |:(eq — Tq) sin Hw./\/;l + Tq COS 9WM2:| ;Lk + m 4 ;L(,H_g),
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3
mq dx
L; -+ = E [UanZ - —=——UpR; :|Vu d
djuiX;, Pt J ﬁmw cos 3 5 (k+3) 1d»
3 m
L. . . = “RY, — Y VERY Vird (A.7)
R p R V2myysin g 2k | Tt
and
C L s N R My COSOW - 1o
d;dy Xy @R IWIRILI (R 8) T oy cos 37 IR
My, COS Oy
* _ : ] u Uk U
Rﬂjukig = eg4sin HWMle(k_H),) + Dy sin B 4R,
RZ - 2 : UldeiQR;lk’
Uik \/_mwsmﬂ
-R' L = g ur A8
Ujidi X, \/_mW cosﬁ dez jk> ( )

respectively. All other couplings vanish due to electromagnetic charge conservation. Note
that the corresponding couplings for (s)leptons and (s)neutrinos can be deduced by taking
the proper limits, i.e. removing the up-type quark masses and set the CKM-matrix to unity.

A.2 Form Factors for Squark Production
In this Section, we give a summary of all form factors appearing in the cross sections of

squark-(anti)squark production, Eqgs. (5.8), (5.9), (5.11), and (5.12). The form factors are
given by [65]

2 2

_ o * 2 2

W= 16 sin® Oy cos? Oy s2 ‘qulw Lﬂidﬂ’W‘ (Ut — M mdj) ’
2.2 2
T o es ez 05 0gg

_ q~q v "9 2 2
y = =2 <t mqlmq,>
z ro” L Raz z|* (€)% (wt — m2 m2
162 Si1r14(9wcos49w| ag; 2+ qiqu‘ (qqu) (u K m%)’

X [ (ut —mZ m%j) Smn + (m;(g mgo S) (1- 5mn)]7

255
g = 27TO(S%(ut—ﬂlngn%),
27ra2 - m
Gmn = 52 qugCMg( [( j)émn+(m§,s)(1—5mn)],
Gmn = 952 ‘ qzqgcqqg <Ut_m mg )5mn+(mgs) (1= 0mn) |,
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A.3 Generalized Charges for Gaugino Production

The generalized charges for chargino pair production appearing in Eq. (5.14) are given by [65]
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For the associated production of charginos and neutralinos the charges are
L* 1% 6 L* L
w40 _ 1 O]z qu/W " Z uquxii ukqxg'
LL V2 cos Oy sin? Oy V2sw st Uy, 7
Rx 1% 6 L* Ls ,.
o 1 O]z qu’W B quxli qulX(J?
= - )
LL V2 cos Oy sin? Oy V2sy P i,
6 R* R*
u+0 1 Z kg’ YT Ukax)
RR V2 cos Oy sin? Oy P Uy, 7
6 RY R~ ,.
00 = L Z daXy d' ]
- . )
rR V2 cos By sin? Oy prt tq,
6 R* L LY _
Qi = by e
- . 9
L V2 cos By sin? Oy P Ug,
6 L% L Rs ,.
o _ 1 Z dpax kA XS
- . ’
LR V2 cos Oy sin? Oy — t,
6 L* R _
Qi = > Tt
- . )
AL V2 cos By sin? Oy prt Ug,
6 RY L~ ,.
t+0  _ 1 Z dpgx k' (A.11)
RL V2 cos Oy sin? Oy — ti,

Finally, the charges for neutralino pair production are given by
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Appendix B

Numerical Values

This Appendix consists of a compilation of the parameter values that have been used for
all numerical calculations throughout this work. We have used the following values for the
masses of the Standard Model fermions [64]:

Top quark pole mass my o — 1742 GeV

Bottom quark mass m})\/TS(mb) = 4.2 GeV

Charm quark mass mlc\/[_s(mc) = 125 GeV

Light quark masses mMS(my) = 0.095 GeV
m)S(2 GeV) = 0.007 GeV
mMS5(2 GeV) = 0.003 GeV

Tau lepton mass my = 1.777 GeV

Muon mass my, = 0.106 GeV

Electron mass me = 0.511-1073 GeV

Note, however, that we have neglected the quark masses except the top mass in the calcula-
tion of production cross sections at the LHC. In Chap. 4, we have used the more recent value
of mfdo = 171.4 GeV [120] for the top pole mass.

The coupling constants of the strong, electroweak, and gravitational interactions are [64]:

Strong coupling constant as(myz) = 0.1176
Fine structure constant a~1(0) = 137.0359998

a l(myz) = 127.906
Fermi’s coupling constant Gr = 1.16637-107° GeV~2
Gravitational constant Gy = 6.7087-10737 GeV—2
Reduced Planck mass Mp = +/1/87Gx
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The masses and widths of the electroweak gauge bosons and the squared sine of the weak
mixing angle are given by [64]:

Z-boson mass my = 91.1876 GeV
Z-boson width 'y = 24952 GeV
W-boson mass my = 80.403 GeV
W-boson width 'y = 2141 GeV
Weak mixing angle | sin? 6y, = 0.23122

The CKM-matrix is parametrized in the standard way, see Eq. (A.6), using the following
values for the mixing angles and the C'P-violating phase [64]:

Mixing angles sinfis = 0.2243
sin 913 = 0.0037
sin 923 = 0.0413
C P-violating phase 613 = 1.05
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Appendix C

Virtual One-Loop Calculations

In this Appendix, we present detailed calculations of the one-loop diagrams appearing in this
work.

C.1 Heavy Quark Self-Energy and Renormalization

The quark self-energy has QCD and SUSY-QCD contributions, that arise from the gluon-
quark and gluino-squark loops shown in Fig. C.1. For a quark having mass m, and four-
momentum p,, the self-energy can generally be split into its scalar and vector parts according
to

y02) = meSs(r2) +p, | (P2 Pr + r(pd)Pa). (C.1)

In the on-shell renormalization scheme, the mass and wavefunction renormalization constants
are then obtained through

5 = ST = Ngmd) + 5 [Srm?) + Da(m3)], (C.2)
6Zy = —%[EL(mﬁ)JrER(mﬁ)]

—m? [E'L(mg) + E'R(mg)] — 2m2%g(m2), (C.3)

where 2’57 L »(p?) denotes the derivative of X r(p®) with respect to p?.
In the case of the quark-gluon loop, the scalar and vector contributions of the quark

q és 2>} q
q q S
-

q gi

oq
o

Figure C.1: Gluon-quark and gluino-squark contributions to the quark self-energy at O(ay).
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8 Jk
//»\ g
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qi qi qi qi N qi

Gk q
Figure C.2: Contributions to the squark self-energy at O(a).

self-energy are given by

a,C

E(Sg) = — 47TF (4—2€)B (pq,m 0) (©4)
a,C

E%”)R _ 47-‘-F (2 _ 26) [Bo(pmm 0) + Bl(pqa m 0)] (05)

For the squark-gluino loop, we obtain explicitly (i = 1,2)

Gi 3 i asCr my 2,2
Zgl Do (o)t o mZB o(pa;mZ, mZ) sin 20, (C.6)
@9 = _0OF [y 02 Am2 )~ (md— w2, + ) Bolpmdmd)| S0 (o)
R = ppe 0\mg 0\Mg, g @1 T Pq)B0Pg; Mg, Mg, P2 :
while the remaining vectors parts can be derived using the relations
Egiﬁ) = Egﬁg) (sinfz < cosby), (C.8)
ngg) = Eg’f)(l — 2,8in 05 < cosby). (C.9)

C.2 Squark Self-Energy and Renormalization

The squark mass receives corrections through the one-point and two-point loop diagrams
shown in Fig. C.2. The one-point contributions originating from the squark bubble are given

by (i # j)

Sha = angAO(mi)COSZ%q, (C.10)
Ser = QZCFAO( 3;) sin® 20, (C.11)
s 20ry 16 C.12
qiq; 87 0( )SID Q> ( . )
5 = a;CFAO( 2 ) sin 40, (C.13)

while all other contributions are zero. The gluon bubble contribution also vanishes due to the
massless gluon in the loop. The two-point contributions originating from the squark-gluon
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Figure C.3: Feynman diagrams for the gluon (left) and gluino (centre) correction to the
Z-quark-quark vertex and generic diagram (right) indicating the notation for masses and
momenta.

and quark-gluino loops read

5(9) _asCp o

idi o [230(% ;0, m )+ Bl(pqz 0, mg )} (C.14)
L(Ig;]) - eCr [Ao( 2+ Bi(pz,;mz, m?)

+(m§ + (=1)"mgmy sin 205 )Bo(pq ,m?],m2)] (C.15)

Eg;}j asCr mgmy sin 20; Bg(pq Jnﬁ,mi) (C.16)

s

respectively. In the on-shell scheme, the squark mass and wave function renormalization
constants are given by
_ (g) (1) (2)
527% = EFE{Z~ s+ E Zcﬁ«liz- + qu‘;i}’ (C.17)

02y, = —R{Sqa,(m )}. (C.18)

C.3 Vertex Corrections

In the calculation of our radiative corrections to neutralino pair annihilation into quark-
antiquark pairs, contributions at O(as) arise from the gluon and gluino exchange between
quark and antiquark in the s-channel diagrams or between (anti)quark and squark in the
t- and u-channel diagrams. We here present analytical expressions for the corresponding
diagrams, that then have to be combined with the different diagrams at the tree-level in
order to obtain the squared matrix elements.

The quark-quark-vector coupling receives corrections of O(«s) through the gluon and
gluino exchanges shown in Fig. C.3. The leading order left- and right-handed coupling
strengths L,z and R,z are then corrected according to

Loz — quz(1+5quz) and Rygz — quz(1+5quz). (C.19)

For the gluon correction, the corrections 0L,z and 6R,yz can be expressed in terms of the
tree-level coupling strengths,

a,C

5quZ = 47TF (JTL ZquZ + JT qZquZ) (020)
a,C

5quZ A F(f qZquZ +-7:qZquZ) (0'21)
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q ~ q p1
q i q+p1
»
—————————— «
¢ ’ ¢ o~ E° P q
q i q-p2
q q p2

Figure C.4: Feynman diagrams for the gluon (left) and gluino (centre) correction to the
Higgs-quark-quark vertex and generic diagram (right) indicating the notation for masses and
momenta.

Denoting the external particle momenta p,, p1, and ps, the corresponding masses mg, mq,
and msy, and the internal loop masses My, M7, and Ms as indicated in the generic diagram
on the right-hand side of Fig. C.3, the form factors appearing in Eqs. C.21 can be written as

FLL _ rRR = 2(m1m2 —M1M2)7u00+4(m1 _Ml)ngO

q9% qq
+2mymay* (Cy 4 Co) — 4my (pC1 — phCs)
—4my (pf C11 — phCia), (C.22)
.7-"(5]12 = .7-";]1} = "By +4(My — ms)p{Co — 2(s — mi — m3)¥"Cy

+4(M1 + My — 7n2) (p‘fcl - ngQ) + 4m1p‘2‘C1 — 4m2p’f02

—2(s — m3 — m%)y” (C1 + Cy) + 2mIy Oy + 2m3yHCy

—4’7”000 — 4m2 (plfclg — p'gCgQ). (0.23)
where we have already set the My = 0 for the gluon mass and the coefficient integrals are

given by
Co = Ca(p%,s,p%;O,Mf,MQQ) and By = Bg(s;m%,mg). (C.24)

with s = (p1 + p2)2.
Adopting the same notation for the gluon correction to the quark-quark-Higgs coupling
shown in Fig. C.4, the tree-level left- and right-handed coupling strengths receive corrections

Logp — L44¢(1 + 5qu¢>) and Ryqp — qu¢>(1 +5qu¢>)' (C.25)

for ¢ = h0, H°, A°. The corrections are again expressed in terms of the tree-level couplings,

asCr

5quZ = “Ar (‘7:q¢LQQ¢+}—q¢RQQ¢) (0-26)
OQSC'F

5quZ A (fq¢>qu¢>+~7:q¢>qud>) (0'27)

and the corresponding form factors, defined as in Egs. (C.20) and (C.21), are here given by

FLL _ rRR s = B0—2(s—m%—m§)(Co+C1)

qq¢ qq
—2m 1 M1Cq — 2maMyCy + 4m%C2, (C.28)
FRe = Fas = (4MyMp — 2maMy — 2my Ma)Co — 2(s — mi — m3) Cy
—2m 1 MyCh — 2ma M1 Cy + 4m%01, (C.29)
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P1
q+p1

( Pa
qi i q T TP2
a q b2
Figure C.5: Feynman diagrams for gluon (left) and gluino (centre) correction to the
neutralino-squark-quark vertex and generic diagram (right) indicating the notation for masses
and momenta.

with the same coefficient integrals as in Eq. (C.24).
The gluon loop diagram shown in Fig. C.5, implies the corrections

Ligie — Lyiga(1+0Lg,54) and  Rggq — Ryge(1+0Rgq) (C.30)

to the neutralino-squark-squark vertex, leading to the one-loop contributions

_ oCp LR
5L>~<ifijq - A [foqu Xid;q +‘7:quJqRqu]q:| (0'31)
« CF RL
5R5<ifijq = jhr |:sz(I]q qu]q+~7'— 1quRX1(I](I:| (C.32)

to the tree-level left- and right-handed coupling strenghts Ly,4,4 and Rg,g;4- Here, the form
factors can be written as

File = Figq = Bo+ (3mi+mi—m?)(Co+ Co) +2(mi+m3)C1, (C.33)
Fles = Fong = 2mimaCo. (C.34)

The appearing integrals are
Co = Ca(p2,t,pl; Mg, M7, M3) and By = By(t; M2, M3). (C.35)

In contrast to the gluonic one-loop corrections discussed above, the corrections to the
quark-quark-vector and quark-quark-Higgs couplings arising from gluino loops shown in the
centre panels of Figs. C.3 and C.5 cannot be directly factorized. The tree-level quark-quark
vector coupling is rather replaced by the expression

a,Cr
LgqzPrL + ReqzPr  — C‘ji‘ij? [quququgf az T quququgf
+quququg-7:R + quququgf (C.36)

where we note Cy,5,z = Lg,g;z = Rg,4;z the squark-squark-vector coupling and Lg,q5, Rg;q5
the left- and right-handed coupling strength of the squark-quark-gluino interaction. The form
factors appearing in Eq. (C.36) are given by

quZ = quZ = Mo(p1 —pg)uCO + 2M0 (p’tfcl - p'gCQ) + 2’7”000, (037)
Foly = Fily = (miCh +maCh)(p1 — p2)t + 2my (p'C11 — phCha)
+2mg (p Cia — Py 022) (C.38)
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with the integrals
C, = C’a(p%,s,pg;MOQ,Mf,Mg). (C.39)

In the same way, the tree-level quark-quark-Higgs coupling is replaced according to

asCp
s
+Ri.05La,007 g6 + ququqquféﬁ] ) (C.40)

rLL LR
LggoPL + RogpPr — Cag [Lqiquqququ + Laiag 14,057 40

where Cg,5,¢ = L3, = Rgq,¢ denotes the squark-squark-Higgs coupling. Due to the fact
that there are no vector couplings, the form factors

FLL _ FRR _
Fao = Fao = MoCo, (C.A41)
Fago = Fags = miCr+maCy, (C.42)

are rather simple and compact with the same integrals Cp, Cy, and Cs as in Eq. (C.39).
Finally, the gluonic correction to the neutralino-squark-quark vertex, shown in the centre
panel of Fig. C.5, leads to a correction

asCp g1, LR

5L>2ﬂijq = A (ffcitiqufciéﬂ + fiié’quii@jQ)v (C.43)
a,Cr

5R>2i¢ijq = An (f)%%qu’iiéjq + f)%%{qu)Zidjq)a (C.44)

of the tree-level coupling strengths Ly,g,4 and Rg,g,4- The form factors can be written as

f%%jq - f)%%jq = —MWVs (7)1 - pa) mele (7)1 _pa) (p101 +215202), (C.45)
f%%jq = ﬁ%%jq = MyMW Vo — MoV Vs (plCl + pog)
—V1V2(4C00 + pIC11 + p3Ca2 + 2p1 - p2Ch2), (C.46)

where V; and V5 correspond to the expressions of the squark-quark-gluino vertices indicated
in Fig. C.5.

C.4 Box Contributions

The neutralino pair annihilation into quark-antiquark pairs receives corrections through the
box diagrams shown in Fig. C.6. In the following we present analytical results for the corre-
sponding amplitudes M, and Mj . The amplitudes corresponding to the crossed final states
can be obtained by the replacement ¢ < w. In order to express the box amplitudes in a
rather generic way, we label the momenta and masses of the external particles by p; and

m;, while the internal particle masses are named M;, for ¢ = 1,...,4, respectively, as indi-
cated in the generic diagrams of Fig. C.6. Regardless of their respective tensor structure,
we denote the four vertices generically V for k£ = 1,...,4. Furthermore we introduce the

notation V; = Vi (Pr < Pr) originating from the exchange of the two chirality projectors in
the original vertex expression.
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Figure C.6: Feynman diagram for the gluon (left) and gluino (centre) box contributions at
O(a) to neutralino pair annihilation into quark-antiquark pairs and generic diagram (right)

indicating masses and momenta.

Expressed in terms of four-point integrals, the amplitude of the gluino (“s-channel”) box
diagram is then given by

3 2
iM = B(pa)Foulpr)a(k) Fav(ka)Do + > > 5(p2) L~ ulp)a(ky) Fi v(ks) D

3
+0(p2) Foou(p1) (k1) Foyv(k2) Doo + Z

with the form factors

Il

1
‘7:33 -

myVoVy + MQVéVl
Vol Vi

MoViVy + my VoV
MoViVy — MyWLV
MoViVy + my VoV
MyVivy

MoViVy + my VoV
—Vay" V1

—Vol V1

—Valy V1

—Volty V1

MaViV1 — MWV,
MoV, — MWV
MpViV — MV,
MaViW,

MaViWy

M2V5V1

and the integrals (i,7 =0,...,4)

D ijy

=1 j=1

= Dy iy (—p3, —(p1 + p2),

(k‘l)ffjv(kig)D

maVsVi + MsVyV,
M3ViVy + maVsVy
M3ViVy

MsViVy + maVsVy
M3ViVy — MyVsV)
M3ViVy 4+ maVsVy
—Vsp,Va

VavuVa

M3ViVy

M ViV — MyVsV,
Vsp,Va

M3ViVy

M3ViVy — MyVsV)
Vap, Vi

MsViV,

MsViVy — MyVsV,
Vsp,Va

—p2; My, M2, M3, My).

(C.47)

(C.48)

(C.49)
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Accordingly, the amplitude corresponding to the gluon (“t-channel”) box diagram shown
in the centre panel of Fig. C.6 reads

3 2
iM = —a(ky)Fau(p2)o(pr) Fiv(ka) Do — ZZ DFZ " u(p2)o(pr) F o (k) Dy
=1 j=1
3
—ti(k) Fogu(kr)o(p1) Fiov(ka) Doo — Y Yo (p1)Ffv(k2) Dij (C.50)
i,0=1

with the form factors

Fo= miyMV3)Vs Fe m3ViyuVa + MiViyVa — p, Vi Va
FL = Mzy*ViVy — 2K VIV, F? mgV17 Vs + MiVi Vs — p,Vivu Vs
Fi o= —miy"Vay F = Vi
Fy = —yMp,ViVa — Myy"VsV} F3 mgV17 Vs + MiViu Vs — p,Vivu Vs
F3 o= miy"Vs)s 73 MyViy, Vi — p,VivVa
Fy = =MV, F? mgV17 Vs + MiViu Vs — p, V17V
F = my"VsVs 73 P ViV
Fo = 1"Vs7" Vo Fa V1YY Va
Fl = 2KYVEVy — M3y ViV, F F Vv, Vs
Fly = 2KYViVy — M3y ViVy F2 — MV Va+ pVivuVa
Fla = 2K\ViVy — M3y ViV, F P ViV
T = yMpVEVa + Moyt VsV F3 Vv
Fay = yMp,ViVa + Moyt VsV F3, —M ViV + Vi Vs
iz = A"p,ViVa + Moy VsV T3 = pVivuV
Fh = Myy"VsVj Fho o= BV
Fly = Myy"VsV} T —MVivVa + P VivuVa
Fiy = Myy"VsV} F3y P V17 Va
C.51
and the four-point integrals (i,j =0, ... | )
Dy = Dyiijy(=ps, —(p1 + p2), —p2;m1,0,m3,my). (C.52)

In the calculation of the matrix elements these amplitudes are multiplied with the different
tree-level amplitudes, and we have to sum over the different squark mass eigenstates. The
scalar integrals D; and D;; can be further reduced into combinations of the functions Cp and
Dy. The reduction formulae can be found e.g. in Ref. [126]. However, the resulting expressions
are too long to be represented here.
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Real Emission Corrections and
Dipole Subtraction Formalism

In addition to the virtual corrections discussed in App. C, the neutralino pair annihilation into
quark-antiquark pairs discussed in Chaps. 3 and 4 receives corrections through the emission
of a real gluon by one of the involved quarks or squarks. The corresponding matrix elements
comprise infrared (IR) singularities for soft or collinear gluons. In the total cross section, these
will cancel the infrared singularities remaining in the virtual part of the cross section. In our
work, the two parts of the cross section have been connected using the dipole subtraction
formalism [106,128]. In this Appendix, we present the involved real emission matrix elements
and discuss the implementation of the dipole formalism.

D.1 Diagrams and Matrix Elements

Corrections of O(as) arise through the emission of a real gluon from one of the final state
quarks in the s-, t-, or u-channels and from the exchanged squark in the ¢- and u-channels.
The corresponding Feynman diagrams are shown in Figs. D.1 and D.2, except for the u-
channels which can easily be obtained through crossing. For a given quark-antiquark final
state and for the generic notation for Higgs bosons and squarks, the shown diagrams lead to a
total of 45 different classes of squared matrix elements. Because of their number and length,
they are here, however, not given in detail, except for typical examples for the different classes
of singularities.

For topological reasons, each matrix element comprises the same infrared poles as its
virtual counterpart. For example, the matrix element constructed from the first diagram of

Figure D.1: Feynman diagrams for real gluon emission from a final state quark in the
s-channel Z- or Higgs-boson (¢° = h°, H?, A%) exchange.
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Xi A1 q Xi

Figure D.2: Feynman diagrams for real gluon emission from a final state quark or the
exchanged squark in the ¢-channel squark (g; with ¢ = 1,2) exchange.

Fig. D.1 and its conjugated diagram will cancel the infrared singularity of the corresponding
self-energy contribution, while the matrix element combining the first and second diagrams of
Fig. D.2 involves the same topology as the gluon box multiplied with a tree-level diagram. In
contrast to the virtual part, where the singularities show up as poles in ¢, the real correction
matrix elements are expressed in terms of the scaling variables

_ 2pi'prot 2E;

Ty = ————— = )

s Vs

where the index 7 = 1,2,3 labels the three final state particles, i = 3 being the emitted

gluon. FEj; is the energy of the corresponding particle and /s the total energy in the centre-

of-momentum frame. As a consequence of energy-momentum conservation, only two scaling

variables are independent, so that all matrix elements can be expressed in terms of x7 and

T9. In terms of the scaling variables and without the angular integration, the three-particle
phase space can be expressed as [1006]

(D.1)

dpPs® = F;dwldxg@(m — 22)O(xg —2_)O(1 — 21)O(z1 — 244), (D.2)

where the integration limits are given by

(2—21) (1 -2 4+ 2p2) £ (1 —21) /2t — 442
Ty = (D.3)

2(1 — a1 + p2)

and pi; = mgy/s. For a more detailed discussion of the three-particle kinematics and phase
space see e.g. Ref. [145].

Soft and collinear singularities arise if ;1 — 1 and/or 9 — 1. As an example, let us
discuss the simplest squared amplitude, involving the Higgs-boson exchange corresponding to
the third diagram of Fig. D.1 and its conjugated counterpart. The squared matrix element
can be written as

8masCp To04050 Tapog

MYP = - , (D.4)
| ¢ | |s—m?¢0+im¢of¢o‘2 32(1—:131)2
where the traces of the initial and final state fermionic lines are given by
2 2 2
Toxy = (5= 2mgg) | |Lsgsponl” + [Baspoo || — 4m2y Ligsago Rigson,

2 2

7:1¢Oq = (4777,2 — 2777/231'2 + 82(1 — .Z'l)(l — 1’2)) |:‘qu¢0| + ‘qu(z,()‘ ]
—|—4m3 <2m(2] +s(1— 3:2)) Lyge0 Ryge (D.5)
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respectively, and mgo and I'go denote mass and width of the exchanged Higgs-boson. In Egs.
(D.5), we note Lgp and Rgpe the left- and right-handed coupling strengths contained in the
Feynman rules of the corresponding vertices. The squared amplitude of the last diagram of
Fig. D.1 is obtained by replacing x; < 2, while the interference of the two diagrams involves
more complex combinations of the scaling variables. It is easy to check that the expression in
Eq. (D.4) is singular for 1 — 1 and for all values of m,. Note that in the case of vector boson
exchange in the s-channel, the amplitudes become more complicated due to the exchange of
spin information between the initial and final state particles.

Since infrared singularities only arise from gluon radiation off a final state quark, the
matrix elements involving emission only from squark propagators are infrared-finite. As an
example for this class of matrix elements, we show the squared amplitude obtained from the
diagram on the right-hand side of Fig. D.2 and its conjugated one. Labeling the incoming
momenta pg, pp, and the final state quark momenta p1, po, the squared amplitude is given by

2 2 _ e . 1) (2
‘M(?’)F B _87T()ésCF (2m>~<(1) +2my — st1 + 2pg - p1 — 2pa pz) 7}(%(] 7;(?%[1 D6)
ST = 5 5 .
dk |m2 +m2 —m2 — sw1+ 2pe-p1| |m2 +m2 — mZ 2p, - p1
Here, the involved traces are given by
(1) _ 2 2 ) 2 2
Towa = 2Lagzt T Rogexo)po-pr+dmgemaLog coRog so,
@  _ 7
Toia = Tal o 2aob) (D.7)

where we use the same generic notation as in Egs. (D.5) for the masses and coupling strengths.
The scalar products appearing in the expressions of Egs. (D.6) and (D.7) are given in terms
of the scaling variables by

Pa D1 = Z(ﬂh—,/1—4;@(0\/33%—4#3)(cos@cos{—sin@sin&sinn),
1
s
Da P2 = Z(mg—00891/1—4,u§?\/3:%—4,ug),
s

Pv-P1 = 5961 — Pa " P1,
S
po-p2 = %2 Da P2 (D.8)

where we use again the reduced particle masses y; = m;//s for i = ¢,X}. For a detailed
discussion of the three-particle phase space involving the angles 6, 1, and £ see e.g. Refs.
[106,145]. Again, it is straightforward to check that the expression of the squared amplitude
is free of singularities for x1 o — 1.

However, the combination of emission from the squark propagator with emission from
a massless final state quark gives rise to a collinear singularity. This can be seen in the
amplitude obtained from the interference of the two diagrams separately discussed above. It
can be written as
(3)* 21 sCF Ting

- (D.9)

(1)
Mg M, ’
e s(1—z1)(s — mzo + imgoLyo) (X — 521 + 2pa - p1) (X — 2pa - p2)

¢0
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where we use the abbreviation X = m?{o + m?l — m?jk. For massless final state quarks, the

1
only fermionic line in this interference term leads to the trace

o R

Znt = L -0 ~0¢o R>29>2(1)¢0 <qu¢0 L‘]‘jk ~OL* ~0 + qu¢0 R‘]‘jkxl qqk>2(3>

X1X1 X1 qqkX3
X [32(1 —z1)(1 —x1 —x2) — 4smf~<? ((1 —z)?-(1- 23:1):E2)
+2(pa - p1) (4o + s(1 — 1)) + 221(pa p2) (5(3 + 21) — 4m3o)

~16(pa-p1) (b p2)| (D.10)

and the scalar products can again be expressed using Eqgs. (D.8). Note that the expression in
Eq. (D.9) is not singular if m, > 0. Due to its length, the fermionic trace corresponding to
the massive case can, however, not be shown here.

D.2 Dipole Contributions to Real Emission Cross Section

A numerically efficient way of computing the total one-loop cross section out of the separate
parts containing virtual and real emission correction is the dipole subtraction method [106,
128]. This method is based on the construction of an unphysical auxiliary cross section, oayx,
that contains the same infrared singularities as do separately the real and virtual corrections.
It is implemented according to

o = /3 {(daR)ezo— (daaux)ezo] + /2 {daw /1 daaux] B (D.11)

so that the two parts of the cross section become separately convergent and can be integrated
numerically. The schematic notation in Eq. (D.11) is understood to involve the integration
over the three- and two-particle phase space of the real and virtual contributions, respectively,
each including the auxiliary cross section. In the latter, the real gluon has to be integrated
out for the virtual contribution.

The dipole terms appearing in the construction of the auxiliary cross section o,y depend
only on the final state of the process in question. We therefore can use the expressions given
in App. C of Ref. [106] for the case of gluon emission and heavy partons in the final state.
The matrix element corresponding to the auxiliary cross section can then be written as

|Maux‘2 = ‘MLO‘2(7931,2+D32,1>7 (D.12)

where |Mypo|? denotes the squared amplitude at leading order and the two dipole con-
tributions are in the case of identical final state quarks with mass mg; = pg+/s given by
(1,7 = 1,2) [106]

Dy = SraCp | 2—4ud B 1—4p2 x;—2p] - x;—1 N 207
Z’] s(1—aj) |2 — 2 —x; :E?—4,u§ 1 —2p2 rj—2p2  1—uxy

When integrating over the three-particle phase space, the subtraction of the expression in
Eq. (D.13) renders all of the divergent matrix elements finite, provided that the corresponding
leading order matrix element is inserted in the expressions of the dipole contributions. Note

(D.13)
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that, in order to match with the real emission contribution, the matrix element at leading
order has to be expressed in terms of the “reduced” kinematic for 2 — 3 processes which is
discussed in App. D.3. The expressions given in Egs. (D.12) and (D.13) also hold in the case
of massless quarks where p, = 0.

D.3 Kinematics for Dipole Contributions

In this Appendix, we discuss the “reduced” 2 — 3 kinematics, needed to express the squared
leading order 2 — 2 matrix element in terms of the scaling variables of the three-particle
phase space, x1 and x4, see Eq. (D.1). In the usual parametrization, the final state momenta
are labeled p1, ps, p3, the corresponding masses are my, ms, msz with p? = m? (1=1,2,3),
and the total momentum is pioy = p1 -+ p2+p3. If we define the parton k to be the “spectator”
parton, i.e. the parton that is not involved in the emission of the gluon, the so-called “parent”
parton z~j contains the emitting parton and the emitted gluon of the subprocess {7 — 14+ 7.
The auxiliary momenta p;; of the emitter and p; of the spectator can be defined in terms of
the original momenta p; (i = 1,2,3) as

15“ _ H1/2 (p%om m%, mi) |:pu _ Pk Ptot _u :| p%ot + mi — mlzj "
¥ K20, (i +p)%00) U bl 2p2,; v
Py = Doy — D (D.14)

Here, m;; is the on-shell mass of the emitter 23 and k denotes the Kéllén function,

k(x,y,2) = (z —y — 2) — dyz. (D.15)
Note that the auxiliary momenta obey the mass-shell conditions ﬁ?j = m?j and ﬁ% = m%,
and the total momentum conservation piot = pjj + Pk

The three-particle phase space dps® (pi, pj, pi) can then be exactly factorized in terms of
the two-particle phase space dPS( (Pij, pr) and a single-particle phase space factor dp;(p;;, pr)
according to [106, 128]

dPS® (p;, pj,pr) = dAPS® (B, pr) dpi(Bij, Br) O(1 — pa — g — pig). (D-16)

The rather complex expressions of the complete analytical result and corresponding integra-
tion limits for the case of massive quarks can be found in Ref. [106]. Note that both factors
on the right-hand side of Eq. (D.16) can be expressed in terms of the scaling variables z; and
xZ9.

D.4 Dipole Contributions to Virtual Cross Section

In order to counterbalance the subtraction of the unphysical auxiliary cross section from the
real emission cross section and to cancel the remaining infrared singularities in the virtual
part, the so-called insertion operator has to be taken into account in the virtual part of
the cross section. The insertion operator Z is obtained from the dipole terms discussed in
App. D.2 through integration over the single-particle phase space dp;(pi;pk), as schematically
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indicated in the last term of Eq. (D.11). In our case of real gluon emission from final state
quarks, and in D = 4 — 2¢ dimensions, the insertion operator can be written as [106]

2 as;Cp  (4m)° w2\ w2 3. P w2
I = BRSPA SR TS ) Py S D.1
[Mrol” = I(1—e) Ksm Voo ) Pl g oo =1 (D-17)

where 1 denotes the renormalization scale and s19 = 2p1 - ps = s — 2m2. The term V, contains
a singular and a non-singular part [106],

1+6201, 1-8, 1.,1-8 1-8 2 e

(S) _ q | Q__12 q 1 ql o

K 264 Ln1+ﬁq 2" 1+5q+n1+ﬁqn1+ﬁg 6|
1+ 2 1— 2(1 4 32 1—3,)2 2 2

VNS = Ui | g1 L= 2 5‘{3+2Lig%—2m2 by _ T
203, 1+8, (145 (14 06,) 1+08, 6
3. 1432 1-p2 w
| L 4 1n(1—py) —2In(1 —2u,) — 1 g
5 — +1In (1 — pg) n ( Hq) 1+ﬁ3n1_ﬂq

R el
L—pg 1402 2’

(D.18)

involving the quark velocity 3, = /1 — 4/;3. Note that the non-singular contribution vanishes

in the case of massless quarks, where 3, = 1. The function I'; appearing in Eq. (D.17) is here
given by [106]
1 1, m

Iy = —+=-In—2% -2 D.19

0o = Ttz (D.19)

The expression in Eq. (D.17) contains the same infrared divergence as do the virtual

contributions presented in App. C. Combining the virtual and the dipole contributions as

indicated in Eq. (D.11) results therefore in a finite expression for the virtual part of the
annihilation cross section.
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Abstract

In absence of direct experimental evidence, it is essential to constrain the parameter space of
the Minimal Supersymmetric Standard Model (MSSM) both at the Supersymmetry breaking
and the electroweak scale. After a brief introduction to Supersymmetry (SUSY), we present
an extensive analysis of electroweak, low energy, and cosmological constraints in minimal
supergravity (mSUGRA) and gauge-mediated SUSY-breaking (GMSB) scenarios. We include
the possibility of non-minimal flavour violation (NMFV) in the squark sector and define
“collider-friendly” benchmark points based on detailed scans of the parameter space. We
then consider neutralino pair annihilation into quark-antiquark pairs that dominates wide
ranges of the mSUGRA parameter space. We present the corresponding full one-loop QCD
and SUSY-QCD calculation and show numerically that the loop diagrams have an important
impact on the annihilation cross section and, in consequence, in the prediction of the dark
matter relic density, resulting in a modification of the preferred regions of the parameter space.
We finally present analytical expressions and numerical predictions for squark, gaugino, and
gravitino production cross sections at the LHC in GMSB with NMFV. We also discuss the
phenomenology of flavour mixing and cosmological implications on the gravitino mass within
this context.

Résumé

En I'absence d’évidence expérimentale directe de superpartenaires, il est essentiel de con-
traindre l'espace des parametres du Modele Standard Supersymétrique Minimal (MSSM) aux
échelles de la brisure de la Supersymétrie et électrofaible. Apres une breve introduction a la
Supersymétrie (SUSY), nous présentons une analyse extensive des contraintes électrofaible,
de basse énergie et cosmologiques dans des modeles de supergravité minimale (mSUGRA) et
de brisure de Supersymétrie par médiation de jauge (GMSB). Nous incluons la possibilité de
violation non-minimale de la saveur (NMFV) et définissons des scénarios “benchmark” basés
sur des “scans” détaillés de 'espace des parametres. Ensuite, nous considérons ’annihilation
d’une paire de neutralinos en une paire de quark-antiquark qui domine dans de larges régions
de T'espace des parametres dans les modeles mSUGRA. Nous présentons le calcul complet
incluant des corrections a une boucle en QCD et SUSY-QCD de ces processus et montrons
numériquement que les diagrammes a une boucle ont un impact non négligeable sur la section
efficace d’annihilation. En conséquence, la prédiction de densité relique de matiere noire recoit
des corrections importantes, ce qui résulte en une modification de la région cosmologiquement
favorisée dans l’espace des parametres. Finalement, nous présentons des expressions analy-
tiques et des prédictions numériques pour des sections efficaces de production de squarks,
jauginos et gravitinos au LHC dans les modeles GMSB avec NMFV. Nous discutons également
la phénoménologie du mélange de saveur et les implications cosmologiques sur la masse du
gravitino dans ce contexte.

The electronic version of this document including fully coloured figures is available at
http://tel.archives-ouvertes.fr or http://www.arxiv.org.
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