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Deutsche Zusammenfassung

Das Forschungsgebiet der Teilchenphysik beschéftigt sich mit der Welt der Elementarteil-
chen und den fundamentalen Wechselwirkungen zwischen diesen. Im Bestreben eine Theorie
zu finden, die dies alles beschreibt, gab es im Laufe der 1960er und 70er Jahre grofie Fort-
schritte, welche schlussendlich zu dem Modell fithrten, das heute als Standardmodell (SM)
der Teilchenphysik bekannt ist. Seit der Entwicklung des Standardmodells wurden enorme
experimentelle Anstrengungen unternommen, um dessen Vorhersagen moglichst genau zu be-
stétigen.

Riesige Teilchenbeschleuniger wurden gebaut, um die Erforschung der Natur bei immer gro-
Beren Energien zu ermoglichen. Einer der ersten wirklich grolen Beschleuniger war das Tevat-
ron am Fermilab. Hier wurden Proton-Anti-Proton Paare mit einer Strahlenergie von bis zu
1 TeV zur Kollision gebracht. Das Tevatron, welches seinen Namen von seiner Strahlenergie
ableitet, nahm bereits 1983 den Betrieb auf. Bis auf einige Unterbrechungen zur technischen
Aufriistung war das Tevatron bis zu diesem Jahr in Betrieb. Wahrend dieses langen Zeit-
raums wurden selbstversténdlich viele Entdeckungen gemacht, wobei die bedeutendste sicher
die Entdeckung des Top-Quarks 1995 war. Prézisionsmessungen der Masse des Top-Quarks
folgten. Der ,Large Electron-Positron Collider* (LEP) am CERN war von 1989 bis 2000 in
Betrieb, als er dann Platz fiir den LHC machen musste. Eine der gréfiten Errungenschaften
am LEP war die Prézisionsmessung der Massen der Z- und W-Bosonen. Schlieflich hat nun
der ,Large Hadron Collider* (LHC) im ehemaligen LEP Tunnel am CERN letztes Jahr mit
der Datennahme begonnen. Mit einer vorgesehenen Strahlenergie von 7 TeV ist der LHC der
leistungsfahigste Teilchenbeschleuniger, der jemals gebaut wurde. Zwar arbeitet er im Mo-
ment nur mit der Hélfte der vollen Strahlenergie, ab 2014 soll er allerdings mit der vollen
Energie beschleunigen. Eine der grofien Hoffnungen der Teilchenphysiker ist es, das fehlende
Puzzleteil des Standardmodells, das Higgs-Boson, am LHC zu finden.

Das Higgs-Boson spielt eine wichtige Rolle im Rahmen des Standardmodells, da der soge-
nannte Higgs-Mechanismus eine Erkldrung dafiir bietet, wie die Vektor-Bosonen eine Masse
ungleich Null erhalten ohne dass dabei die Eichinvarianz des SMs verletzt wird. Dabei liegt
dem Higgs-Mechanismus das Konzept der spontanen Brechung der elektroschwachen Sym-
metrie zu Grunde. Das eigentliche Higgs-Boson, ein Spin-0 Teilchen, bleibt als Uberbleibsel
dieser Symmetriebrechung zuriick. Bis jetzt hat sich das Higgs-Boson allerdings der experi-
mentellen Entdeckung entzogen. Dennoch haben die Experimente bereits Einschrankungen
fiir die Masse des Higgs-Bosons hervorgebracht.




Es gibt jedoch Hinweise darauf, dass das Standardmodell nicht vollsténdig ist, oder vielleicht
nur ein Grenzfall einer komplexeren grundlegenden Theorie. Es gibt mehrere mogliche Er-
weiterungen, mit denen sich die Theoretiker beschéftigen. FEine davon ist das Konzept der
Supersymmetrie, welches es erméglicht, durch die Einfithrung von Superpartnern fiir die Teil-
chen des Standardmodells einige der Probleme des Standardmodells zu umgehen. Auch die
Erweiterung, die in dieser Diplomarbeit ndher betrachtet wird, ist eine supersymmetrische
Erweiterung. Andere moégliche Theorien sind zum Beispiel Theorien mit extra Dimensionen
oder die String Theorie, welche sogar den Anspruch stellt irgendwann eine ,, Theory of Ev-
erything“ zu liefern. Selbstversténdlich miissen all diese neuen Theorien die experimentell so
beeindruckend bestétigten Vorhersagen des Standardmodells reproduzieren. Zusétzlich liefern
diese Theorien allerdings auch neue Vorhersagen, die sich von denen des Standardmodells un-
terscheiden. Bei der Interpretation der experimentellen Daten ist es sehr wichtig diese neuen
Vorhersagen mit in die Analyse einzubeziehen.

In dieser Diplomarbeit wird der Higgs-Sektor des komplexen ,néchst-minimalen supersym-
metrischen Standardmodells“! (NMSSM) untersucht. Genauer gesagt wird die Berechnung
der vollstandigen Einschleifenkorrekturen zu den Massen der Higgs-Bosonen in der diagram-
matischen Methode durchgefiihrt. Da die Einschleifenkorrekturen zu den Massen der Higgs-
Bosonen mit divergenten Integralen einhergehen, muss ein Renormierungsverfahren fiir den
Higgs-Sektor durchgefiihrt werden.

Als Einfiihrung wird allerdings zunéchst an die wichtigsten Figenschaften des Standardmo-
dells erinnert und seine Unzulénglichkeiten werden aufgezeigt. Supersymmetrie ist eine mog-
liche Erweiterung des Standardmodells, die in der Lage ist einige der Probleme zu lésen. So
wird zum Beispiel das Hierarchieproblem des SMs durch die Einfiihrung von Superpartnern,
deren Spin sich um 1/2 von dem des jeweils zugehorigen SM Teilchens unterscheidet, gelost.
Auflerdem bieten supersymmetrische Theorien mogliche Kandidaten fiir die Dunkle Materie

und im Rahmen des MSSMs kommt es zu einer Vereinigung der Kopplungskonstanten an der
GUT-Skala.

Das NMSSM ist eine Erweiterung des MSSMs (Minimales Supersymmetrisches Standard-
modell), welches die minimal nétige Anzahl an Superpartnern aufweist. Im MSSM erhélt
jedes Teilchen des Standardmodells einen Superpartner: die SM-Fermionen erhalten skalare
Superpartner, die Sfermionen, und die Eichbosonen (gauge bosons) des SMs erhalten fer-
mionische Superpartner, die sogenannten Gauginos. Um sowohl den up-artigen wie auch den
down-artigen Fermionen eine Masse geben zu kénnen, werden zwei komplexe Higgs-Doublets
benotigt. Dadurch ist die Theorie automatisch frei von Anomalien. Zusétzlich zu diesem mini-
malen Teilcheninhalt weist der Higgs-Sektor des NMSSM noch ein komplexes Singulett-Feld
auf. Einer der Hauptgriinde fiir die Einfiihrungen dieses zusétzlichen Singuletts ist, dass so
das p-Problem des MSSM geltst werden kann. Der Parameter p wird dynamisch generiert,
wenn das Singulett-Feld seinen Vakuumerwartungswert annimmt und muss damit nicht mehr
per Hand auf die Groflenordnung der elektroschwachen Skala gesetzt werden, wie es im MSSM
noétig ist.

Da sich diese Arbeit insbesondere mit dem Higgs-Sektor des NMSSM beschéftigt, wird dieser
detailliert diskutiert. Der NMSSM Higgs-Sektor besteht aus insgesamt sieben Higgs-Bosonen:
fiinf neutralen und zwei geladenen. Im Spezialfall des reellen NMSSM gilt CP-Erhaltung und
den neutralen Higgs-Bosonen kann eine CP-Quantenzahl zugewiesen werden. In diesem Fall
gibt es zwei CP-ungerade und drei CP-gerade Higgs-Bosonen. Die Higgs-Massenmatrix in der
Basis der Wechselwirkungseigenzusténde kann vom Higgs-Potential abgeleitet werden. Auf

!Englisch: ,Next-to minimal Supersymmetric Extension of the Standard Model“
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Born-Niveau kann eine Entkopplung des Goldstone-Bosons mit Hilfe einer Rotation erreicht
werden. Um zu einem neuen Satz von Ausgangsparametern zu gelangen, werden sowohl die
Tadpol-Bedingungen wie auch die Masse des geladenen Higgs-Bosons ausgenutzt, um andere
Parameter zu eliminieren. Wahrend der gesamten Diskussion wird dabei im CP-verletzenden
NMSSM gearbeitet. Das heifit per se werden alle Parameter als komplex angenommen. Die
Superpartner der Higgs-Bosonen, die Higgsions, mischen mit den Gauginos zu den Neutralinos
und Charginos. Diese beiden Sektoren werden explizit behandelt.

Fiir die Berechnung der Massen der Higgs-Bosonen auf Einschleifen-Niveau muss der Higgs-
Sektor renormiert werden. Die Renormierung wird mit Hilfe des Counterterm Formalismus
durchgefithrt. Wobei zunéchst nur der Spezialfall des reellen NMSSM betrachtet wird und
erst spéter der allgemeinere Fall des komplexen NMSSM. Als Hauptschema wird ein Renor-
mierungsschema verwendet, welches On-Shell und DR-Renormierungsbedingungen mischt.
Fiir das reelle NMSSM wurde zusiitzlich noch ein reines DR und ein reines On-Shell Schema
implementiert. Um einen nicht-trivialen Cross-Check zu erméglichen, werden sowohl Renor-
mierungsbedingungen aus dem Higgs- als auch aus dem Neutralino- und Chargino-Sektor
verwendet.

Fiir die eigentliche Berechnung der Higgs-Boson Massen auf Einschleifen-Niveau geht man
von der renormierten Zwei-Punkt-Vertex-Funktion aus. Aus dieser konnen, wenn die Counter-
terme und Selbstenergien des Higgs-Sektors bekannt sind, mit Hilfe eines Iterationsverfahrens
die Massen der Higgs-Bosonen berechnet werden. Die Einschleifendiagramme, die zur Berech-
nung der Selbstenergien nétig sind, wurden zunéchst analytisch berechnet und spéter dann
numerisch ausgewertet.

Fiir einige Beispiel-Szenarien wurde eine numerische Analyse durchgefiihrt. Fiir den Spezial-
fall des reellen NMSSM wurden die Ergebnisse der unterschiedlichen Renormierungsschemata
miteinander verglichen. Die Ergebnisse unterschieden sich um hochstens 10%. Als Anhalts-
punkt fiir die Stérke, mit welcher das Higgs-Boson an die Teilchen des SMs koppelt, wurde im
Fall des reellen NMSSMs der Singulett-Anteil des entsprechenden Higgs-Bosons betrachtet.
Da die Kopplung des Higgs-Bosons an die Teilchen des SMs mit zunehmendem Singulett-
Anteil abnimmt, kann ein Higgs-Boson mit groflem Singulett-Anteil der experimentellen Ent-
deckung entgehen, selbst wenn das SM Higgs-Boson der entsprechenden Masse bereits ausge-
schlossen ist. Daher ist der Singulett-Anteil eine niitzliche Grofe, die es erlaubt Riickschliisse
auf die Eigenschaften des entsprechenden Higgs-Bosons zu ziehen. Die Untersuchung der
Abhéngigkeit der Higgs-Boson Massen von der Masse des Top-Quarks zeigte, dass der Grof3-
teil der Korrekturen zum leichten MSSM-artigen CP-geraden Higgs-Boson vom Top-Sektor
herriihrt. Durch die Variation der Renormierungsskala, welche in den Einschleifenkorrektu-
ren auftaucht, kénnen die fehlenden Korrekturen héherer Ordnung auf O(10%) abgeschiitzt
werden. Im Gegensatz zum MSSM sind im NMSSM Higgs-Bosonen-Massen grofler als die
Masse des Z-Bosons bereits auf Born-Niveau moglich. Dennoch sind die Einschleifenkorrek-
turen sehr wichtig, da sie die Masse des leichtesten CP-geraden Higgs-Bosons iiber die untere
LEP-Schranke fiir die Higgs-Bosonen-Masse heben. Besonders fiir Higgs-Bosonen mit kleiner
Masse konnen die Einschleifenkorrekturen sehr grofl sein, so dass sie an einigen Parameter-
punkten die Masse des Higgs-Bosons sogar mehr als verdreifachen kénnen. Wie die Diskussion
der experimentellen Ausschlussgrenzen zeigt, bietet das NMSSM phénomenologisch zuléssige
Szenarien, die bei der Higgssuche in Betracht gezogen werden sollten, da sie Higgs-Bosonen
vorhersagen, deren Eigenschaften sich von denen des MSSMs und SMs unterscheiden.

Um den allgemeineren Fall des CP-verletzenden NMSSMs, d.h. das komplexe NMSSM, behan-
deln zu kénnen, miissen nur zwei zusétzliche Counterterme im Vergleich zum reellen NMSSM
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eingefithrt werden. Wie gezeigt wurde, tritt CP-Verletzung bereits auf Born-Niveau auf, wenn
man einen endlichen Wert fiir eine der im Higgs-Sektor vorkommenden Phasen annimmt.
Als Anhaltspunkt fiir das Ausmafl der CP-Verletzung wurde untersucht, zu welchem Anteil
die Higgs-Bosonen aus den CP-geraden Wechselwirkungseigenzusténden bestehen. Im CP-
erhaltenen Fall ist dieser CP-gerade Anteil entweder Null oder Eins. Die Abweichung von
diesen beiden Werten kann daher als Maf fiir die CP-Verletzung betrachtet werden. Die ma-
ximale Abweichung in den betrachteten Beispiel-Szenarien betrug 2.3%. Das Mischen der
CP-geraden und CP-ungeraden Wechselwirkungseigenszusténde kann die Kopplung des je-
weiligen Higgs-Bosons noch weiter unterdriicken. Auflerdem wurde ein Szenario untersucht,
in welchem CP-Verletzung erst auf Einschleifen-Niveau im Higgs-Sektor auftritt. Es zeigte
sich, dass obwohl diese Phasen nur durch die Einschleifenkorrekturen Einfluss auf die Rech-
nung nehmen, eine Variation dieser Phasen zu Effekten von einigen GeV in der Masse der
Higgs-Bosonen auf Einschleifen-Niveau fiihren kann.

Alles zusammen genommen trigt diese Arbeit zu dem Bestreben bei, phdnomenologische Vor-
hersagen fiir den Higgs-Sektor des NMSSMs zu machen, welche einen neuen Blickwinkel auf
die derzeitige Higgs-Suche am LHC ermdglichen kénnten. Die Berechnung der Einschleifen-
korrekturen zu den Massen der Higgs-Bosonen ist hierbei allerdings nur ein erster Schritt.
Um ein vollstédndiges Bild zu erhalten, wird es unter anderem nétig sein, Korrekturen héherer
Ordnung zu den Massen der Higgs-Bosonen zu berechnen. Es existieren bereits erste Rechnun-
gen fiir die dominanten Beitrédge der Zweischleifenkorrekturen in der Literatur. Des Weiteren
wére es wiinschenswert, die auf Einschleifen-Niveau korrigierten Vertizes zur Verfiigung zu
haben. All diese Teile zusammengenommen erlauben es, phinomenologische Vorhersagen fiir
den Higgs-Sektor des NMSSMs zu machen, die es ermoglichen sollten diesen von den Higgs-
Sektoren des MSSMs oder des SMs zu unterscheiden.
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CHAPTER 1

Introduction

The field of particle physics concerns itself with understanding elementary particles and fun-
damental interactions. The breakthrough in finding a theory that describes the world of
elementary particles happened during the 1960s and 70s, when the Standard Model of Parti-
cle Physics (SM) [1H3], as we know it today, took form. Since then tremendous experimental
efforts have been undertaken to confirm the SM predictions.

Huge particle colliders were built to probe nature at ever higher energies. One of the first
really big collider experiments was the proton-antiproton collider at Fermilab, the Tevatron.
The name Tevatron refers to its beam energy of up to 1 TeV. It began operation in 1983
and ran — with intermissions due to upgrades — until this year. During this long period of
data taking many discoveries were made, with the most important one certainly being the
discovery of the top quark in 1995. Precision measurements of the top quark mass followed.
The Large Electron-Positron collider (LEP) at CERN was in operation from 1989 until 2000,
when it had to make room for the LHC. One of the major achievements at LEP was the
precision measurement of the Z and W-boson masses. Finally, the Large Hadron Collider
(LHC) in the former LEP tunnel at CERN started taking data last year. With a design
energy of 7 TeV per beam the LHC is the most powerful collider ever built. At the moment
it runs at only half the potential beam energy, but it is scheduled to achieve full beam energy
in 2014. One of the big hopes is that the last missing piece of the SM, the Higgs boson, will
finally be found at the LHC.

The Higgs boson plays a crucial role in the framework of the SM, since the Higgs mechanism
provides an explanation of how vector bosons can acquire a nonzero mass without violating the
gauge invariance of the SM model. The Higgs mechanism relies on the concept of spontaneous
electroweak symmetry breaking. As a relic of this mechanism a scalar particle, the Higgs
boson, emerges. Up to now, however, the Higgs boson has eluded discovery at the collider
experiments. Nevertheless, the experiments have set bounds on the mass of the SM Higgs
boson.

However, there are hints that the SM is not complete or might just be the limit of a more
complex underlying theory. There are several possible extensions that are considered by the-
orists. On of them is supersymmetry , which introduces superpartners to the SM particles
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and thereby resolves some of the insufficiencies of the SM. In fact, this thesis concerns itself
with a supersymmetric extension of the SM. Other examples for theories beyond the SM are
theories with extra dimensions or string theory, which even aspires to provide a theory of
everything someday. Of course, all these new theories have to reproduce the well-established
SM results. But they also make new predictions which differ from those of the SM. There-
fore, it is essential to take these new predictions into consideration when interpreting the
experimental data.

In this thesis the Higgs sector of the complex Next-to-Minimal Supersymmetric extension
of the Standard Model (NMSSM) @ is studied. To be more precise, the full one-loop
calculation of the Higgs bosons masses in the complex NMSSM applying a diagrammatic
approach is presented. As the one-loop corrections to the Higgs boson masses involve divergent
contributions, we need to perform a renormalization procedure. To this end, we employ a
renormalization scheme that mixes on-shell and DR renormalization conditions. In the special
case of the real NMSSM, a pure on-shell and a pure DR scheme were implemented as well.
The accurate calculation of the loop-corrected masses is an important contribution to the
phenomenological predictions for the NMSSM Higgs sector. If the LHC finds a Higgs signal,
it will be especially crucial to have precise predictions from the various models to determine
what “kind” of Higgs was actually discovered.

The Higgs sector of the NMSSM is much more complicated than that of the SM. The SM Higgs
sector consists of one complex Higgs doublet field. When going to a supersymmetric theory
one needs at least two complex doublet fields. This minimal extension is called the Minimal
Supersymmetric Standard Model (MSSM) and features five Higgs bosons: two charged Higgs
bosons and three neutral Higgs bosons. In the CP-conserving case two of the neutral Higgs
bosons are CP-even and one is CP-odd. In comparison to the MSSM, the NMSSM is extended
by one additional complex singlet field. This results in a total of seven Higgs bosons in the
NMSSM: two charged Higgs bosons and five neutral Higgs bosons. In the CP-conserving case
three of the neutral Higgs bosons are CP-even and two of them are CP-odd. In the NMSSM
there can be additional decay channels, such as a light CP-even Higgs boson decaying into a
pair of even lighter CP-odd Higgs bosons. Such additional decay channels might lead to the
light CP-even Higgs boson escaping detection. Therefore, it is important to incorporate such
new possibilities into the analysis of the experimental data.

Furthermore, the number of Higgs bosons is not the only thing that increases when going from
the SM to supersymmetric models. In the SM the Higgs mass is the only free parameter of the
Higgs sector. However, in the NMSSM there are at least twelve parameters, some of which
can be complex. The enlarged parameter set can lead to new effects in the phenomenology
of the Higgs sector. Therefore, it is instructive to study the dependence of the Higgs boson
masses on these different parameters by means of some example scenarios.

The thesis is structured as follows. Chapter [2| consists of two main parts. In the first part
(Section [2.1)), a brief overview of the key features of the SM is given. Its insufficiencies are
also brought to the readers attention. One of them, the hierarchy problem, is considered in
more detail and supersymmetry is offered as a solution. Hence, the second part of Chapter
(Section presents the core ideas and concepts of supersymmetry.

In Chapter [3|the NMSSM is introduced. After establishing the theoretical background of the
NMSSM by presenting the particle content (Section and commenting on the NMSSM
Lagrangian, which can be derived from the superpotential (Section [3.2), we motivate the
NMSSM in Section by explaining its advantages, especially in comparison to the MSSM.
Section is devoted to the NMSSM Higgs sector at tree-level. In a detailed discussion




the Higgs mass matrix is derived from the Higgs potential using the tadpole conditions to
simplify the mass matrix. If not stated otherwise, the more general case of the complex
NMSSM is considered, although the simplifications which occur when restricting oneself to
real parameters are always mentioned explicitly. At the end of this section an overview of the
parameters of the Higgs sector is given. Section deals with the neutralino and chargino
sectors of the NMSSM at tree-level. They are presented explicitly, since we make use of
renormalization conditions from these sectors in our renormalization schemes.

Chapter |4] describes the renormalization procedure and the calculation of the one-loop Higgs
boson masses. It begins with some general remarks on renormalization, introduces the coun-
terterm formalism and states the typical renormalization conditions for the masses of scalars,
fermions and vector bosons. Section lists all counterterms necessary to renormalize the
NMSSM Higgs sector. From then on we separate the real and the complex NMSSM strictly.
Since the real NMSSM is less complicated, the whole renormalization procedure for the Higgs
sector is at first only described in this restricted model and the complex NMSSM is consid-
ered later on. Section presents different methods for the calculation of the one-loop Higgs
boson masses in the real NMSSM. The calculation of the mixing matrix elements of the Higgs
sector in the real NMSSM at one-loop is described in Section Section comments on
the mixing of the Higgs bosons with the Goldstone boson at one-loop. Finally, the different
renormalization schemes used for the real NMSSM are discussed in Section Then we
move on to the complex NMSSM. Once again the calculation of the one-loop Higgs boson
masses and the mixing matrix elements at one-loop is explained. Finally, Section deals
with the renormalization scheme chosen for the complex NMSSM.

Chapter [5| contains the numerical analysis. After defining the necessary input parameters
in Section a few scenarios that exemplify some of the typical higher order effects are
investigated, both in the real NMSSM (Section[5.2)) and in the complex NMSSM (Section 5.3).
For the real NMSSM we also apply the experimental exclusion limits. For the analysis of the
complex NMSSM we consider scenarios that display CP-violation in the Higgs sector already
at tree-level, as well as one scenario where CP-violation is induced at one-loop level.







CHAPTER 2

Standard Model of Particle Physics and Supersymmetry as its Extension

This chapter very briefly summarizes the key features of the Standard Model of Particle
Physics. After mentioning some of the insufficiencies of the Standard Model, supersymmetry
is offered as a possible solution to some of the problem of the Standard Model.

2.1 The Standard Model of Particle Physics

The Standard Model of Particle Physics (SM) describes the world of elementary particles
and the fundamental interactions'. So far, the phenomenology predicted by the SM is in
remarkable agreement with the precision measurements at the collider experiments such as
LEP and Tevatron or at present the LHC. These experiments did not only lead to the discovery
of all particles predicted by the SM except for the Higgs boson, but also tested the theory at
a precision level of 1073.

The SM is a renormalizable non-abelian gauge theory based on the group represented by the
direct product SU(3)c ® SU(2)r, @ U(1)y, with the gauge symmetry SU(2);, ® U(1)y being
spontaneously broken to U(1)em. The SU(3)c gauge group describes the strong interaction.
The corresponding gauge boson is the gluon. The SU(2);, @ U(1)y gauge symmetry describes
the electroweak interaction. After electroweak symmetry breaking the corresponding gauge
bosons are the photon, which mediates the electromagnetic interaction, and the vector bosons
W= and Z°, which mediate the weak interaction. The particles of the SM can be arranged
according to their transformation properties under the different gauge groups (see Table .

Firstly, there are the fermionic spin 1/2 particles, the leptons and the quarks. These are
often referred to as matter particles since they are the constituents of matter. The leptons
and quarks are divided into three generations. The 2nd and 3rd generation are basically
heavier copies of the first. In the case of the leptons these generations combine a lepton with
electric charge ) = —1 and a neutral lepton (the neutrino). The leptons are: the electron,

1Strictly speaking only the interactions relevant at the subatomic level are included. Hence, gravity is not
incorporated in the SM.
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name | field SUB)c@SUR2)LoU(1)y)
leptons LT: (VLveL)T (1,2,-1/2)
€R (17 17 1)
Q = (ur,dr)’ (3,2,1/6)
quarks ’LL}-% (§7 17 _2/3)
dh, (3,1,1/3)
Higgs | ¢ = (¢T,¢")T (1,2,1/2)

Table 2.1: Matter particles and Higgs doublet in the SM and their corresponding quantum numbers.
The generation indices on the quark and lepton fields, as well as the color indices on the quark fields
were omitted.

the muon, the tau and the corresponding neutrinos. The left-handed components of the
leptons transform as a doublet under the SU(2)y transformation, whereas the right-handed
components transform as singlets. Up to now there is only indirect evidence of right-handed
neutrinos, provided by the neutrino oscillation experiments. Additionally, these experiments
set the upper bound on the mass of the neutrinos at very small values. As a consequence right-
handed neutrinos are not included in the SM and the left-handed neutrinos are assumed to be
massless. The different quarks are: the up-type quarks (up, charm, top) and the down-type
quarks (down, strange, bottom). The up-type quarks carry an electric charge of @ = 2/3 and
the down-type quarks carry an electric charge of @ = —1/3. Just as for the leptons the left-
handed components of the quarks transform as a doublet under the SU(2), transformation
and the right-handed components as a singlet. In contrast to the leptons the quarks also
carry a color charge (red, blue, green) and therefore also interact via the strong interaction.

Furthermore, there are the spin 1 vector bosons, as mentioned above, which mediate the
interactions. In a theory with exact gauge symmetry all gauge bosons are massless by con-
struction. But since the W- and Z-bosons are known to be massive, gauge symmetry breaking
has to take place. To avoid explicit symmetry breaking, the SU(2);, ® U(1)y is spontaneously
broken via the Higgs mechanism . In the Higgs mechanism a complex doublet ¢ of spin
zero fields is introduced (see Table . When the neutral component of the doublet acquires
a vacuum expectation value (VEV) the electroweak symmetry is spontaneously broken and
the W- and Z-bosons, as well as all particles coupling directly to the Higgs field, acquire a
mass. A relic of this mechanism is one physical spin zero particle, the Higgs boson. This is
the only SM particle not yet discovered. The Higgs search is one of the major goals of the
LHC.

2.1.1 Problems of the Standard Model

Despite the tremendous success of the SM, it displays some insufficiencies. The obvious
shortcomings are certainly that the SM fails to explain several experimental results.

e Neutrino oscillation experiments have shown that neutrinos do have mass [8]. Of course,
this also implies that right-handed neutrinos have to exist. But in the SM the neutrinos
are assumed to be massless and the right-handed neutrinos are not included at all.
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e Cosmological measurements have established that about 25% of the matter and energy
density of the universe consists of so-called cold dark matter. The SM, however, does
not offer an adequate dark matter candidate.

e The CP-violation inherent in the SM is not large enough to explain the imbalance of
matter and anti-matter observed in the universe.

e Gravity is not included in the SM.

Aside from these experimental arguments there are also some theoretical arguments. For
example, the SM features many parameters (e.g. particle masses, mixing matrix elements and
couplings) whose values need to be adjusted according to the experimental results, since their
values cannot be predicted within the SM. Furthermore, the Higgs mechanism for electroweak
symmetric breaking is put in by hand. There is no dynamical explanation where it comes
from. It would be desirable to have some more fundamental theory, which reduces the number
of parameters and explains the Higgs mechanism. Also, if the SM was a low-energy limit of
some yet unknown fundamental theory, one would expect that the values of the gauge coupling
constants unify in the high energy-limit. In the SM this kind of unification does not occur.
Such a fundamental theory, which is often referred to as “Grand Unified Theory” (GUT),
should also include gravity, which becomes important at the elementary particle level for
very high energies. Another theoretical argument against the SM is the so-called hierarchy
problem ﬂgﬂ, which will be considered in more detail in the following section.

2.1.2 The Hierarchy Problem

On the one hand the scale at which electroweak symmetry breaking occurs is experimentally
known to be approximately v =~ 246 GeV, while on the other hand the SM is expected to be
valid up to the Planck scale Mp; ~ 2.4 -10'® GeV, at which point new physics is expected to
enter?. The huge difference in these scales turns out to be problematic when considering the
radiative corrections to the Higgs boson mass.
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f ,‘/ \\l (’\\l
/ /
—_———— _—— ______\L_____ ______\A _____
H H H H H H

Figure 2.1: Radiative corrections to the Higgs boson mass.

Let us assume a theory in which the Higgs field couples to a fermion f and two complex
scalars S7 and 52 in the following way

L= = X\HFF = NAH? (191 +15)%) - (2.1)

The Feynman diagrams contributing to the corrections to the Higgs boson mass are shown
in Fig. The diagram with the fermion loop (left diagram of Fig. yields the radiative

2@Gravity should become important at this scale.
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correction

Am =L A2y (2.2)

fermion-loop

with A being the cutoff introduced to regularize the loop integral. The ellipsis stand for

additional terms logarithmic in A which are not of interest here. Under the assumption that

new physics enters at Mp;, the cutoff should be A = Mp;. Since the radiative corrections are

quadratic in the cutoff?, these corrections are roughly 30 orders of magnitude larger than the

value of m? ~ (100 GeV)? required by electroweak symmetry breaking. Of course the bare

Higgs mass can be adjusted to just cancel the radiative corrections in the right way, but such
extreme fine-tuning seems unnatural.

Hence, new theories that avoid the hierarchy problem are constructed. One possible solution
is supersymmetry. As will be discussed in detail in the following chapter, supersymmetry
relates bosons to fermions. In fact, the theory we wrote down in Eq. takes the first step
to do so, since it contains the same number of bosonic as of fermionic degrees of freedom. So
let us consider the contribution from the scalars (last two diagrams in Fig. [2.1)),

¥
2 S 2
Amy =+2- 16,2 AT (2.3)

scalar-loops

It is quite obvious, that if the fermionic and scalar coupling were equal, Ay = Ag, then the two
contributions would cancel one another and render fine tuning unnecessary. This is exactly
what happens in supersymmetric theories.

3These quadratic divergences occur only for scalar particles as the masses of fermions and vector bosons are
protected from them by chiral symmetry and gauge invariance, respectively.
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2.2 Supersymmetry

Supersymmetry (SUSY) [5] is a spacetime symmetry relating bosons to fermions and vice
versa. For detailed introductions to SUSY and reviews see for example [10H12]. Coleman and
Mandula formulated a theorem which states that the maximal set of spacetime symmetry
transformations compatible with relativistic quantum field theory is given by the Poincaré
group. However, in their analysis they only considered Lie algebras. Haag, Lopuszanski
and Sohnius found that if an extended Lie algebra, which also incorporates anticommuting
relations for the symmetry generators?, is used the spacetime symmetry group can be enlarged
by including supersymmetry . The generator of supersymmetry is a fermionic operator @
that transforms a bosonic into a fermionic state and vice versa:

@ |Boson) = |Fermion) and @ |Fermion) = |Boson) . (2.4)

Hence, one specific fermionic single particle state is always related to one specific bosonic
single particle state. They are called each others “superpartners”. The superpartners can be
arranged in a supermultiplet. This supermultiplet contains the same number of fermionic
and bosonic degrees of freedom and the particles in the supermultiplet have the same gauge
transformation properties; i.e. they have the same hypercharge, weak isospin and color charge.
There are two types of supermultiplets in SUSY: the chiral supermultiplet and the vector
supermultiplet. The chiral supermultiplet consists of a two-component Weyl fermion and a
complex scalar field. It is sometimes also referred to as “matter supermultiplet”, because the
matter particles of the SM, i.e. quarks and leptons, and their scalar superpartners can be
arranged in such a multiplet. The gauge bosons of the SM and their fermionic superpartners
can be arranged in vector supermultiplets.

Considering this supermultiplet structure, it is apparent that going from the SM to a su-
persymmetric theory at least doubles the particle content. The supersymmetric theory with
the same gauge structure as the SM and the minimal particle content is called the Minimal
Supersymmetric Standard Model (MSSM). In the MSSM the SM fermions receive spin-0 su-
perpartners, which are named by adding an “s” in front of the fermion’s name and denoted
with a tilde over the SM abbreviation. So, for example the superpartner of the left-handed
top (denoted by t1) is the left-handed® stop (denoted by #1,), the superpartner of the right-
handed electron (denoted by epr) is the right-handed selectron (denoted by €g), etc. The
gauge bosons before electroweak symmetry breaking, the W+, W=, W and B receive spin-
1/2 superpartners, the winos and bino denoted as W+, W, W9 and B°. In order to give
masses to up- and down-type quarks and to circumvent anomalies one needs two complex
Higgs doublets. After electroweak symmetry breaking and gauge fixing this results in three
neutral Higgs bosons (one CP-odd and two CP-even ones in the CP-conserving MSSM) and
two charged Higgs bosons. The superpartners of the Higgs bosons are called Higgsinos. It is
important to note that the superpartners are not necessarily mass eigenstates. For example,
the left- and the right-handed sfermions fL and fR usually mix to form the mass eigenstates
fl and f~2. Furthermore, the neutral wino and the bino mix with the neutral Higgsinos to
yield the neutralinos, while the charged winos and the charged Higgsinos mix to form the
charginos. In the MSSM there are four neutralinos and two charginos.

One problem that arises when going to a supersymmetric model like the MSSM is that if an
unbroken supersymmetry was assumed, there had to be superpartners of the same mass as

4This is the so-called graduated Lie algebra.
5Since the stop is a scalar “left-handed” does not refer to chirality in this case.
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the corresponding SM particle. Of course, no such particles have been discovered yet and
therefore SUSY has to be broken. Unfortunately, it is not yet known how this supersymmetry
breaking works. Thus “soft breaking” terms are added to the Lagrangian by hand. These soft
breaking terms provide a mass splitting between the SM particles and their superpartners,
making the latter heavier without spoiling the relation between the fermionic and bosonic
couplings to the Higgs boson which led to the cancellations solving the hierarchy problem.

After this short explanation of the core concept of supersymmetry the question arises whether
it is really worth it to introduce so many new particles and parameters. In fact, SUSY offers
solutions to several of the SM problems:

e SUSY solves the hierarchy problem by relating bosons to fermions.

o If R-parity conservation is assumed, SUSY offers a cold dark matter candidate. R-parity
is a multiplicative quantum number. SM particles are assigned R-parity R = +1 and
their superpartners have R-parity R = —1. If R-parity conservation holds, SUSY parti-
cles can only be created in pairs in SM particle collisions. Also, the lightest supersym-
metric particle (LSP) is stable, since it cannot decay any further. The LSP is typically
the lightest neutralino and a possible dark matter candidate.

e In the framework of the MSSM gauge coupling unification can be achieved at the GUT-
scale [15].

e In the electromagnetic theory local gauge invariance leads to a massless spin-1 vector
boson, the photon. Likewise, local supersymmetry leads to a massless spin-2 particle,
the graviton. This graviton would then be the gauge boson mediating gravitation. The
only drawback is that these supersymmetric theories are not renormalizable. But this
can nevertheless be seen as a hint that SUSY might somehow be connected to finding
a quantum theory of gravity.
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CHAPTER 3

The Next-to-Minimal Supersymmetric Extension of the Standard Model

The Next-to-Minimal Supersymmetric Extension of the Standard Model (NMSSM) [61[7] is,
as the name suggests, a supersymmetric extension of the SM. It is referred to as “next-to-
minimal” since its particle content is extended by one complex singlet field compared to
the minimal possible particle content of any supersymmetric theory with the same gauge
structure as the Standard Model. This chapter will first introduce the NMSSM by presenting
the particle content and the Lagrangian. A short motivation as to why the NMSSM is
worth consideration will be followed by a detailed discussion of the Higgs sector, and of the
neutralino and the chargino sectors. For reviews of the NMSSM see for example or .

3.1 Particle Content

The particle content of the NMSSM is given in Table The only difference compared to
the MSSM particle content, which was described in the previous chapter, is the addition of
a complex Higgs singlet field S. The first part of the table lists all the chiral supermultiplets
while the second part lists the gauge supermultiplets. The first column gives the name of
the superfield, which is always denoted by a hat. The second column gives the superpart-
ners which form the supermultiplet. Since the NMSSM is supposed to be a supersymmetric
extension of the SM, there are of course the quarks and the leptons, as well as their corre-
sponding superpartners the squarks and the sleptons. For simplicity only the first generations
of the quarks/squarks and leptons/sleptons are included in the table. The other generations
obviously have the same gauge transformation properties as the first ones. To cover the
quark/squark sector three superfields are needed. The left-handed up- and down-type quarks
and squarks can be combined into the doublets @ and @, which make up the superfield Q
The right-handed up- and down-type quarks and squarks, however, have to be considered
separately and can be arranged into the two superfields @ and d. Tt is common to use the
conjugate right-handed fields so that they transform as left-handed fields. The arrangement
in the lepton/slepton sector is quite similar. The left-handed electron and neutrino fields
are combined in the superfield ﬁ, while the right-handed electron fields are included in é.

11
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chiral supermultiplets spin-0 spin-1/2 (SUB)c®@SU12)L@U(1)y)
quark /squark Q | Q= (ar, d)T Q= (ur, dr) (3,2,1/6)

i A uly (3,1,-2/3)

d s, di, (3,1,1/3)
lepton/slepton L L= (e, é1) L= (ve, er)” (1,2,-1/2)

é s e;r% (1,1,1)
Higgs/Higgsino  H, | H, = (H}, H)™ H, = (H, H)T (1,2,1/2)

ﬁd Hd = (Ha(l)v Hd_)T f{d = (Hga ﬁd_)T (1,2, _1/2)

S S S (1,1,0)
gauge supermultiplets spin-1/2 spin-1 (SUB)c®@SU12)L®@U(1)y)
gluon/gluino J g (8,1,0)
W-boson/wino wE Wwo W wo (1,3,0)
B-boson/bino B B° (1,1,0)

Table 3.1: Particle content of the NMSSM. The upper table lists the matter particles that can be
arranged in chiral supermultiplets. The lower table displays the gauge particles in gauge supermulti-
plets. For readability the generation indices on the quark and lepton fields, as well as the color indices
on the quark fields, were omitted. For the hypercharge Y the convention @ = I, + Y, with @ being
the electric charge and I3, the third component of the weak isospin, is used.

In the Higgs sector we have the two Higgs doublets necessary to generate masses for both
up- and down-type quarks and to avoid anomalies. They are denoted by H, and H;. When
acquiring a vacuum expectation value, the neutral component of the scalar superpartner of
the superfield H,,, namely H?, gives masses to the up-type quarks. Likewise Hg generates
the masses for the down-type quarks and the charged leptons. In addition to these, there is a
complex singlet field S. The addition of this singlet field results in slightly more complicated
Higgs and neutralino sectors. Instead of three neutral Higgs bosons, as in the MSSM, there
are now five neutral Higgs bosons after gauge fixing. So including the two charged Higgs
bosons, there are a total of seven Higgs bosons in the NMSSM, compared to only five in the
MSSM. As mentioned earlier, the superpartners of the Higgs, the Higgsinos, mix with the
gauginos to form the neutralinos and charginos. The number of charged Higgs bosons in the
NMSSM is the same as in the MSSM. Hence, there is no change in the chargino sector. But
due to the addition of the singlino S, there are now five instead of only four neutralinos. The
Higgs sector, as well as the neutralino and chargino sector, will be considered in more detail
later in this chapter.

3.2 The NMSSM Lagrangian

The Lagrangian of the NMSSM is given by
ENMSSM = ['susy + ['soft + ['ﬁx + [fghost (31)

Lsusy contains all kinetic terms and interactions of the theory with exact unbroken supersym-
metry. Once the particle content, the gauge structure and the superpotential are given, it can
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be constructed according to the general rules summarized in Appendix [Al The gauge struc-
ture of the NMSSM is of course the same as in the SM, namely SU(3)c ® SU(2)L, ® U(1)y.
The particle content is given in Table and the NMSSM superpotential W is given by

W=, (QTel,) — dYa(QTelly) — Y, (L Hy) + AS(HTely) + 5nS%. (32)

Here the couplings Yy, Yy, Ye, A and « are dimensionless and

= (_01 (1)) . (3.3)

In this notation the generation indices were suppressed — written with all indices @Y, (QTEqu)
reads 4'Y,? (Qj’“eablflg) with a,b € {1,2} and 4,5 € {1,2,3}. Furthermore, the Yukawa
couplings Y, Y; and Y, are taken to be diagonal 3 x 3 matrices. Hence, the model considered
here does not allow for generation mixing.

Lo contains all soft supersymmetry breaking terms. It is chosen in such a way that all terms,
which lead to a mass splitting between the masses of the SM particles and their superpartners,
and at the same time do not spoil the cancellation of the quadratic divergences in the loop
corrections to the Higgs boson masses, are included ,

Loon == m%, Q1Q —m3, Janl — m2 |drl* ~ (Ty, @ (QT M) — Ty, dip(QTeHa) + c.c) +
- m%LfﬂLi - m%R\éRF + (Tyeé"j%(f/TeHd) + c.c.) +
1
—m3;, HiH, —m3, HiHy — mg|S|* - (TA (HIeHy)S + gTKS3 + c.c.> +
1 Lo .
-5 (MlBOBO + MuWOW' 4+ Mg + c.c.) . (3.4)
In order to parametrize the unknown supersymmetry breaking mechanism, soft supersym-
metry breaking mass parameters and trilinear couplings are introduced. The SUSY breaking
mass parameters are introduced solely for the scalar superpartners in the chiral supermul-
tiplets, but not for their fermionic superpartners, as well as for the gauginos. The trilinear
breaking parameters reflect the structure appearing in the superpotential and are denoted by
T;, with ¢ = {\,k,Y,, Yy, Y}, depending on which coupling in the superpotential they cor-
respond to. Note that this notation differs from the often used notation where the trilinear
couplings T; are replaced by i - A;.
The part of the Lagrangian which contains the gauge fixing terms is given by
1 1
28a 284
1
— |8 W iMy e G|
28w

1
(0, AM)? — —— (92" + MzE,G0) +

Lo =
i 287

(0,G)°
(3.5)

Here G stands for the gluon fields, A* for the photon field, W# for the W-boson, Z*
for the Z-boson and G° and GT for the neutral and charged Goldstone boson, which will
be introduced in Section Throughout this thesis the 't Hooft-Feynman gauge will be
used, i.e. g = €4 = &z = &w = 1. This results in the propagators of the vector bosons
being proportional to the Minkowski metric g,,. Furthermore this choice of gauge sets the
Goldstone boson masses to be mgo = Mz and mg+ = My . Fixing the gauge leads to
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unphysical polarizations for the vector bosons. In order to eliminate those the Fadeev Popov
ghosts are introduced in Lgpst. Since this part is not of any importance for this thesis it
will not be considered here any further.

For a detailed discussion of the NMSSM Lagrangian and a derivation of all NMSSM Feynman

rules see and .

3.3 Motivation for the NMSSM

After having introduced the main features of the NMSSM, it is inevitable to answer the
question of why one should go to this more complicated supersymmetric model and why we
chose the model set up as we did. As it is always done in physics one starts with the simplest
possible model. In supersymmetry this is the MSSM. But the MSSM has some shortcomings.
The main issue is the so-called “u-problem” [21]. In order to understand this p-problem it is
helpful to have a closer look at the MSSM superpotential

Wassm = 1Yy, (QTeI{Iu) — JYd(QTefId) —¢eYe (I:Telf[d) + u(ﬁgeﬂd). (3.6)

Just as in the NMSSM there are the three terms, necessary to generate masses for the quarks
and charged leptons, which couple the quarks and leptons to the Higgs doublets. However,
the mixing of the Higgs doublets H, and H, is generated by the term ,u(H TeHd) The pa-
rameter u, which has the dimension mass, is already present in the theory before electroweak
symmetry breaking (EWSB) takes place. But before electroweak symmetry breaking there
are only two natural scales: either y = 0 or u ~ Mp;. If, however, i is set to zero the
two Higgs doublets do not mix at all, which causes the minimum of the Higgs potential to
occur at (Hg) = 0, which in turn leads to massless down-type fermions and is therefore not
desirable. The other choice is to take p to be of the order of the Planck scale. Unfortunately,
this reintroduces the hierarchy problem all over again because the masses of the scalar Higgs
boson acquire corrections proportional to ;2. So, the only option we are left with is to adjust
1 by hand to be of the order of the electroweak scale. In the NMSSM this adjustment by hand
is avoided by generating the p term dynamically via the new singlet field S. The NMSSM
scalar superpotential contains the term A\S (HuT eHd). If S acquires a vacuum expectation
value (S), this term is comparable to the p term of the MSSM.

AS(HTeH) Y28 \(S) (HTeH,) +— p= M (S) (3.7)

This explains the second to last term in the NMSSM superpotential given in Eq. (3.2) and
leaves us to wonder why the last term cubic in S was introduced. Without this cublc term
the model would posses an additional U(1) symmetry, a Peccei-Quinn (PQ) symmetry [22].
In the MSSM this symmetry is explicitly broken by the p term. In a NMSSM model without
the cubic term, however, the PQ symmetry would be spontaneously broken when S acquires
a VEV. This would lead to the appearance of a massless scalar in the Higgs sector, the
PQ-axion Since such an axion has not been observed, this would impose tremendous
constralnts on the parameter space. Hence, the term cubic in S is added to the superpotential
to break the PQ symmetry explicitly and to avoid the PQ-axion.

Aside from solving the p problem the NMSSM provides an extended Higgs sector. This is
advantageous since the Higgs sector of the MSSM is highly restricted. In the MSSM the
lightest CP-even Higgs boson is at tree-level predicted to be lighter than the Z-boson. Only
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large quantum corrections raise the mass above the LEP bounds. In the NMSSM, scenarios
with the mass of the lightest CP-even Higgs boson above the mass of the Z-boson already at
tree-level are possible. Furthermore, the Higgs sector is less restricted allowing for example
for scenarios with a CP-odd Higgs boson so light that the lightest CP-even Higgs boson can
decay into two CP-odd ones and thereby escape detection.

Finally, the MSSM Higgs sector is CP-conserving at tree-level and CP-violation is only in-
duced by higher order corrections, whereas in the NMSSM a CP-violating Higgs sector at
tree-level is possible.

3.4 The Higgs Sector at Tree-Level

In this section, the Higgs sector of the complex NMSSM will be discussed at tree-level; i.e all
parameters are taken to be complex. As the Higgs is the only SM particle not yet discovered,
although it plays a crucial role, since it generates the masses of the other particles via the
Higgs mechanism, investigating the Higgs sectors of alternative theories is of special interest,
since these theories should also be considered in the experimental searches for the Higgs
boson.

3.4.1 The Higgs Potential

The Higgs potential’ of the NMSSM consists of the F-terms, D-terms and the soft SUSY
breaking terms
V =Vr+Vp + Vot (3.8)

The F-terms are called F-terms, since they emerge when the auxiliary field F is eliminated
from the chiral Lagrangian (see Appendix A)). The auxiliary field F' has no kinetic term and
therefore does not propagate. Such an auxiliary field is needed in a chiral supermultiplet
to ensure that the bosonic and fermionic degrees of freedom are equal even off-shell. When
going on-shell, the Lagrangian equations of motion for the F field can be used to eliminate
it in favor of the other fields. The F-terms of the Higgs potential can be calculated from the
scalar superpotential? W and are given by

SW .
Vi :Zi: ‘ 5o with ¢ = (H,, Hy, S) (3.9)
= Vp =|A]%|S]? (HZHU + H;Hd) + A (HTeH, ) + 1527 (3.10)

The D-terms result from the elimination of the auxiliary field D, required to close the super-
symmetry of gauge supermultiplets off-shell. They can be calculated by

Vp = %Zgg (¢1Ta¢z) ((ﬁ;-TaQﬁj) with ¢ = (Hy,, Hy). (3.11)
i,J

Here T are the generators of the gauge groups and g, are the corresponding gauge couplings.
For U(1)y there is one generator, the hypercharge operator Y and the gauge coupling is g;.

!The Higgs potential is the part of the potential bilinear in the Higgs fields
2The scalar superpotential is obtained from the superpotential in terms of the superfields by replacing the
superfields by their scalar component fields.

15



3. The Next-to-Minimal Supersymmetric Extension of the Standard Model

The generators for the SU(2), are I}, = 0%/2 (with a = 1,2,3 and ¢ the Pauli matrices)
and the gauge coupling is go. With o070y, = 204101 — 0;j0k1, this leads to the D-terms

1 2 1 2
The soft SUSY breaking terms can be read from Lgop (see Eq. (3.4))

1
Viote = may, HiH,, +m3, HYH, +ms|S|* + <TA (HieH;) S+ gTHS?’ + c.c.) . (3.13)

The doublets H,, and H, each consist of one charged and one neutral component. The complex
neutral fields can be expanded around the vacuum expectation values vy, /4y /v/2 and written
in terms of two real fields hy,/qy and ayg,/qy, i-e.

L hq +iagq) , HF
_ (3 (vathatiaa _ oidu u
Hy ( . and H,=e L (ot b +ia,) ) (3.14)

The same can be done for the neutral Higgs singlet field

S = \}ﬁeid’s (vs + hs +1as) . (3.15)
Due to the phases ¢, and ¢4, which were introduced in the parametrization for H, and S,
the values for vg, v, and v, can always be chosen to be real and non-negative®. The fields
hu, ha, hs, ay, ag and as are real fields whereas H,” and H; are complex fields, but neither
of them are mass eigenstates and are thus usually referred to as interaction eigenstates. In
the special case of the real NMSSM (i.e. if all parameters are taken to be real) the h- and
the a-fields do not mix, because the h fields are CP-even, while the a-fields are CP-odd and
CP-conservation holds for the real NMSSM.

3.4.2 The Tadpole Conditions

The vacuum expectation values of the Higgs fields are given by

(Hy) = (%di) , (H,) = e (\%) and (S) = ei‘bs%. (3.16)

They are called vacuum expectation values (VEVSs) since the Higgs potential V' has a global
nontrivial minimum when the fields assume their VEVs. Therefore, the first derivatives of the
Higgs potential V with respect to the Higgs fields obviously have to vanish at the minimum.
This fact immediately yields the so-called tadpole conditions:

oV |)\\2 (93 + 93) R
th, ::<8hd> 5 (v + v )—i—%vd (vfi—vﬁ)—R,\vsvu— 2v§vu+vded—O

oV A2 2+ 93 R
th, ::<8hu> 2’ w (V2 +v )+(91892)'Uu('03—'l)§)—R,\'051)d 3 V20g + vymYy, 20,

ov ‘)\’2 2.3 2 2 !
th, = o =5 s (Ud + v ) + |k]v] — Rugusvy, — Ravquy + Rievs +mivs =0,
S

3Any phase of Hy could be rotated away by gauge transformation. Hence, ¢q4 is taken to be zero.
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3.4. The Higgs Sector at Tree-Level

oV I !
tag == <C%Ld> = Dvsv, + 52}3% =0,

ov I !
ta, = <8au> = Dsvg + Evad =0,

ov
ta, = <8a > = —Jvgusvy + D\vgvy — I,w? L 0, (3.17)
S

where < .. > denotes the vacuum. For simplicity the abbreviations

R = |>‘”’i‘ COs (Qbu — 205 + ¢\ — d’n) , I :‘)\H’ﬂ sin (¢u — 205+ ¢\ — ¢H) )
_ |7 _IT
R)\_ WCOS (¢u+¢s+¢T>\)) I)\ _WSIH(¢u+¢S+¢T)\)’ (318)
R, = 7| cos (3¢s + é1.) and I, = I sin (3¢5 + ¢7.)
V2 V2
were used. In these relations the complex parameters A, k, T and T, were written as
A=\ k=lk| ¥, T\=|Ty| -9 and Ty =T} €. (3.19)

At tree-level the tadpole parameters t; (i = hg, hy, hs, ag, ay, as) in Eq. have to vanish.
As mentioned earlier, this is just the minimum condition for the Higgs potential and ensures
that no terms linear in the Higgs fields appear in the Lagrangian. The tadpole parameters
are only kept for bookkeeping reasons to keep track of where the tadpole relations were used.
This is necessary if one considers higher order corrections, since then the tadpole relations
have to be modified. The first three tadpole equations can be used to eliminate the soft
SUSY breaking mass parameters m%{d, m%{u and m?2 in favor of the tadpole parameters 5
tn, and tp,. In the case of the real NMSSM (i.e. all phases set to zero) the last three tadpole
conditions originating from the derivatives with respect to the CP-odd a-fields are not of any
interest because they are automatically satisfied (since I = I,, = I, = 0 for real parameters).
In the complex case they allow us to eliminate I,; and Iy in favor of t,, and t,,. Note that
the equations for t,, and t,, are linearly dependent, hence considering only one is sufficient.

3.4.3 The Mass Matrices for the Neutral Higgs States

Using the tadpole conditions and the fact that the tadpole parameters vanish at Born level,
the part of the Lagrangian bilinear in the Higgs fields can be rewritten in the basis

(¢a-&n) = (aa, au, as, ha, hu, hs)  as
- _1 T 7T . o) _ _1 T T Ma  Man o (3.20)
£ bil Higes 2 (b0 &n) Mutiges <¢h> 2 (b0 on) <Mha Mh> <¢h> .

The mass matrix can be split into three submatrices: one for the CP-odd Higgs states Maj,
which reads

(2Rx + Rvg) 57+ (2Rx + Rug) 5 (Rx — Rus) vy,
Ma=| (2Ry+Ruy)% (2R + Ru,) 4 (Rx — Rus) vq . (3.21)

(Rx — Rug) vy, (Bx— Rvs)vg  (Rx + 2Rvs) *42* — 3R,v;
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3. The Next-to-Minimal Supersymmetric Extension of the Standard Model

one for the CP-even Higgs states My, given by

(11) (12) (13)

my my my
o= [l ol o),
m}(}g) m1(123) m}(133)
2, 2
an _ (9t +93) » 2Ry)
my, ) = v; + (Rvs + 2Ry) 20y
AA? - g7 — g3 Vs
m}(112) :( Al ; ), VgUy — Ryvs — RES’ (3.22)

m£13) :\)\l%dvs — vy (Rus + Ry)

(22) _ vavs | (97 +93) 4

my = (2R) + Ruy) 20, + TV
m}(fg) :\)\]2115% — (Rvs + Ry) vq,
m}(ls?’) :2\n|2v§ + Ry YdOu + Revs

Us

and one which indicates the mixing of the CP-even and CP-odd states

I 0 0 VgUy
Man = M, = 3 0 0 vavs | - (3.23)
=305V, —30qVs  4uguy

It can easily be seen that in general the CP-even and the CP-odd Higgs bosons mix. Only
for the case I = 0, there is no mixing and CP is conserved. I = 0 holds for example for real
parameters, but some special phase combinations (e.g. ¢, = 2¢s = ¢) = ¢,;) conserve CP as
well, at least at tree-level.

In order to simplify the Higgs mass matrix further, the vacuum expectation values v,, and vy
are usually replaced by the two parameters tang and v. tang is the ratio of v, and vg and
v? is the sum of the squares

v .
tanf = —, v® =03+ 02, <~ wyg=w-cosf, v, =0v-sinf. (3.24)
Vq

The Goldstone Boson
Applying a basis change of the form
aq\ _ [—cosB, sing, G
(au> o ( sinf3, Cosﬁn> <a) ' (3.25)

will enable us to decouple the massless Goldstone boson G from the Higgs sector. The mass
matrix can be written in this new basis ¢}, = (G, a, as)

1 / 1 ’ ’ ’
= 5 000 Mis (5) = =5 0 0D) (e o) (5) . 20

ha

L

bil,higgs

At Born level the rotation angle 3, is equal to the angle § from the relation tans = v, /vg.
The distinction, however, is necessary if one wants to perform the renormalization procedure
(see Chapter , since [ is renormalized whereas (3, is not. But for 8 = 5, this rotation
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3.4. The Higgs Sector at Tree-Level

allows us to separate the massless Goldstone boson G. The resulting mass matrices are given
by

0 0 0
M. =10 (2R + Ruv,)vs/sin(23) (R\ — Rvg)v (3.27a)
0 (Rx — Rvs) v cosfsinf (Ry + 2Rvs) % — 3Rvs
Tv 0 0 0
and o= (M) = 5 0 0 Vs . (3.27b)

—3vssinfl  —3uvscosf 2usin(25)

Since the Goldstone boson decouples completely, it is sufficient to consider a 5 x 5 mass matrix
in the basis (a, as, hq, hy, hS)T, instead of the 6 x 6 matrix which includes the Goldstone boson.
In the following the prime will be omitted and the 5 x 5 matrix will be denoted by MHpiggs.
It can once again be split into the submatrices My (2 x 2), My (3 X 3) and Map (2 x 3).

Diagonalizing the Mass Matrices

Let R be the matrix that diagonalizes Mpyjggs. Even in the case of the complex NMSSM the
mass matrix Mijges is always real and symmetric. Hence, the rotation matrix R can always
be chosen to be a real orthogonal matrix (i.e. R~ = RT).

T . 2 2 92 2 9
R MhHiges R* = diag (mhl,th, My s My, s mhs) = hi =TRij ¢, (3.28)
with mil < m,%2 < 'm,%3 < m%4 < m,%5 and ¢ = (a, as, hq, hu, hs) T

The mass eigenstates are denoted as h;, with ¢ = 1...5. The eigenvalues of the mass matrix,
which are of course the squares of the tree-level Higgs masses, are ordered by ascending mass.
Hence, h; is the lightest neutral Higgs boson.

In the case of the real NMSSM, it is convenient to consider only M, and My, separately.
The rotation matrices diagonalizing these will be denoted as Z4 and Z.

Zy Ma (24)" = diag(m] ,m?,) = a; = (24)ij (¢,); with ¢, = (a,a,)"
(3.29a)

Zp My (2g)" = diag(mj,,mp,,mp,) = hi=(2n)y (¢n); with ¢, = (ha, h?,hf)
3.29b

An analytic expression for the eigenvalues of the Higgs mass matrix, as well as for the elements
of the mixing matrix, is only available for special parameter regions which allow simplifying
assumptions (see [24]). Hence, we resort to calculating the eigenvalues and mixing matrix
elements numerically in our analysis.

3.4.4 The Charged Higgs Boson

So far only the neutral Higgs bosons were taken into consideration. The mass matrix for the
charged Higgs boson can also be read from the Higgs potential. In the basis ((Hd_)*, HF )
M+ is given by

2
Mygs = | (2Rx + Ru,)< +sin (28) (g3 2|>\|2)1;] : (talfﬁ Coi 5) . (330)
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3. The Next-to-Minimal Supersymmetric Extension of the Standard Model

Here the tadpole relations and the abbreviations defined in Eq. (3.18) were already applied.
M+ can be diagonalized using the real orthogonal rotation matrix

2 — <—COSBn sinﬁn) with ((%)*) _ 2z (gi) i (3.31)

sinf, cosf,

As before, the rotation angle 3,, equals § at Born level. This leads to a complete decoupling
of the charged Goldstone boson GT. The mass squared of the charged Higgs boson is

2
M7+ = (2Ry + Rug)vs/sin(28) + (g5 — 2\)\\2)%. (3.32)

3.4.5 Parameters of the Higgs Sector

Since it will be essential to have a good overview of all the parameters appearing in the Higgs
sector when calculating higher order corrections the parameter dependencies discussed above
will be summarized briefly here. In the special case of the real NMSSM we start out with the
following 12 parameters:

g1, g2, Uy, Ud, Vs, ‘K'|7 |)\|a |Tﬁ|a ‘T)\|7 m%I(p m%—lu and mg (333)

There are of course the gauge couplings g1 and go, then the vacuum expectation values vy,
vg and vs and the couplings |k| and |A| defined in the superpotential. And finally, there
are the soft SUSY breaking parameters. If the complex NMSSM is considered, there are six
additional phases at first sight:

¢u7 st? ¢Ha ¢)\7 ¢T,i and ¢TA' (334)

But not all of these phases appear independently. A closer look at the Higgs mass matrix
reveals that only three phase combinations appear in the Higgs sector, namely those in I, I
and I, which are

¢I :¢u - 2¢s + ¢A - ¢m
b1, =bu+ ¢s + ¢1,  and (3.35)
st,ﬂ :3¢s + ¢T,§-

The tadpole conditions for ¢,, and t,,, however, relate Iy and I to I. These relations are

I 31 wgv
Ii=-gve  and  Li=-% i“ (3.36)

Hence, the phases are not independent. If ¢r is given, ¢7, and ¢;, can be calculated via

A
¢r, = —arcsin (vs \|/§|“;/1| . Sin(<f>1)> and

. 3 vgva  |A||k] .
¢1, = — arcsin <\/§ ‘i . ||1‘J ‘| -sm(gbl)) .

Of course, this gives two possible solutions for each of the two phases. Depending on which
solution one picks the sign of R, and R) changes. Consequently, at tree-level it is sufficient
to select one physical phase and the signs of R, and R) as input values. The relevance of the
different phases at higher orders will be discussed in Section [4.9.1]

(3.37)
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3.5. The Neutralino and Chargino Sectors at Tree-Level

When calculating the higher order corrections later on, we will use a slightly different param-
eter set than that given in Eq. 1) First of all, the soft SUSY breaking masses (quu, m%{d
and m?) and |T)| will be replaced by the tadpole parameters (¢, tn
of the charged Higgs My+. The substitution rules for this are

and tp,) and the mass

u

|T)\| :(21}3‘)\’28260%_5n - 4v|n|])\|v§0%_5nc¢l - g%v?’swc%_ﬁn - SCﬁc%nthu—i—

— SSﬂS%nthd + 4vM§Ii325)/(4\@1)1)50%,5”%]) , (3.38a)
m%{d :< - 4v\)\\20§c%_5n +tn, (16cﬁnsﬂsﬁn + 8650%") — SC%nSﬁthu + 8@M§Iis%+

- g%vgcgﬁc%,ﬂn - ggv?’c%,ﬁn)/(Svc%,ﬁn) , (3.38b)
miy, :< - 41)\)\\27)?0%_5” — SCgs%nthd + th, (16cgeg, 55, + SSBs%n) + SUC%MEIi—I-

+ g%vgczﬁc%_ﬁn - 931)30%_5n)/(800%_6n) , (3.38¢)

m? :<4v2\/<a\]/\\vfs2ﬁc%,5nc¢l + 03 |A? (—8vich_p, + v Ch_pg, —vieypch g, ) +
- 16|/1|2v§c%_5n - 8\/§|T,{|U§’c%_ﬂnc¢lﬁ - g%v4sgﬁcé_5n - 1606%c%nsﬁthu+
+ 161)30%,/3”75;15 - 8U858268%nthd + 4@2M12{is%6>/(16v§c%,ﬁn) . (3.384d)
For brevity we used s, = sinz and ¢, = cosx. Also, the distinction between [ originating

from the ratio of the VEVs and ,, originating from the mixing matrices was kept. Although
Bn = B at tree-level, we will later on introduce counterterms only for 8 but not for (.

Furthermore, the gauge couplings and v can be replaced by the electric charge e and the
vector boson masses My and My via the following relations:

oMy | M2, eMy M2,
g 1 — 5 = d = / 1 —_——_— .
v e M2 M= 0y M BT M2 (3.39)

After these substitutions the Higgs mass matrix remains a function of the following parame-
ters:

and all phases. (3.40)

S

MW7 MZ7 €, tanﬁ, Vs, |’€’7 |>‘|7 ’T/i|7 M%[ia thd? thuu th

3.5 The Neutralino and Chargino Sectors at Tree-Level

After electroweak symmetry breaking all particles with the same electric charge, the same
color charge and the same spin mix. This leads to the neutral Higgsinos (flg, ﬁg and S ) and
neutral gauginos (WO and BO) mixing to yield five neutralinos. The mass eigenstates of the
neutralinos will be denoted by x? (i = 1...5). The neutralino mass part of the Lagrangian is
given by

1 ~ - ~ -~ AT
Lyomass = =5 () "Mt + e with 0= (BO, WO, 79, AV, S) (3.41)
M, 0 _ 912'Ud %e_i% 0
0 My 922vd _%e*i% 0
giv g2v AUs igs _ AUy iy
and Mo = —5gt =5 0 _%e(ﬁ \q/)§e¢ : (3.42)
gl%e_id)u _W%e_id)u _&eiﬂbs O _)‘7\;@
2
0 0 —_\%’“ elPu - )‘—\;’g V2kv4el?s
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3. The Next-to-Minimal Supersymmetric Extension of the Standard Model

My and My are the gaugino soft SUSY breaking mass parameters which were introduced in
Eq. (3.4). Note that generally the parameters M, M,, as well as A and £ can be complex.
With the relations given in Eq. the neutralino mass matrix can be written in terms of
the following parameters: My, Mo, My, My, e, tanS, A, K, vs, ¢, and ¢5. Using the basis
transformation

Y = sz‘X? = N* Mo Nt = diag (m 0 mXo,mXo,mXo,mXo> (3.43)

M, can be diagonalized. Here N is a unitary matrix. Once again the convention m,o <

myo is adopted. Since Mo is a fermionic mass matrix®, the eigenvalues of the mass matrix
it

correspond to the masses. In general the eigenvalues can of course be negative. This is not
really a problem though, since fermions are allowed to have negative masses. If, however, one

wants to avoid negative masses, it is possible to do so by redefining the rotational matrix

X
INZJ if moo-m.o <O0. (344)

N Nij if mo - m0>0
X9 0

It might be argued that allowing negative masses is advantageous, since in this case the matrix
N is real.

Likewise, the charged Higgsinos and charged gauginos mix to form the two charginos. The
mass eigenstates of the charginos will be denoted by X,i (1 = 1,2). The chargino mass part
of the Lagrangian is given by

T . . AT
Lt mass = —% ()" ( MO Ngxi> Yt with ot = (W+ W, Hy ) (3.45)
+

X

M2 Me_i(bu
2 (3.46)

and M+ = (92% @eiqﬁs
V2 V2
Of course M, + can be written as M, « (Mg, My, tanS, A, vs, ¢y, qﬁs) and it can be diagonalized
using two unitary matrices, denoted by U and V/

U* M= V= diag (mxi mxi)

_ = = (3.47)
with L) =U . and =V ~ .
<X2 ) (Hd X; H;

In fact, the neutralinos are Majorana fermions, which is why one rotation matrix is sufficient to diagonalize
the neutralino mass matrix.
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CHAPTER 4

Renormalization and Calculation of the One-Loop Higgs Boson Masses

In this chapter the renormalization procedure, which has to be performed when calculating
the one-loop corrected masses of the neutral Higgs bosons, is explained. First of all, there
are some general remarks on renormalization. Then the counterterm formalism and general
renormalization conditions are introduced. After presenting a list of all the counterterms
necessary for the renormalization of the NMSSM Higgs sector, the methods used to calculate
the one-loop masses and the one-loop mixing matrix in terms of the self-energies of the Higgs
sector and the counterterms are described in detail. Finally, a renormalization scheme, which
fixes the counterterms, is chosen. The one-loop masses and the choice of renormalization
scheme are discussed separately for the real and the complex NMSSM.

4.1 General Remarks on Renormalization

When going beyond Born level and considering higher order corrections usually UV-divergent
integrals' are encountered. However, it turns out that these UV-divergences always cancel
each other when relations of observable parameters (i.e. parameters with physical meaning)
are considered. The free? parameters in the original Lagrangian, usually referred to as “bare
parameters” are at tree-level directly related to measurable quantities, i.e. physical masses
and coupling constants. By going to higher orders this direct relation is destroyed due to
the divergent loop integrals. To deal with these divergences, one regularizes the divergent
integrals by introducing one or several regularization parameters. There are several possible
regularization methods:

Pauli-Villar regularization: This is the simplest method. In the Pauli-Villar regularization [25]
one argues that the theory is only valid up to a certain scale and therefore introduces
a cutoff parameter. So, if the original upper integration limit was infinity, this infinity
is simply replaced by a cutoff parameter, which is taken to be fairly large but finite.

'For a short summary on loop integrals see Appendix
2In this context ™free” means that they are undetermined by the theory.
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4. Renormalization and Calculation of the One-Loop Higgs Boson Masses

Although this method is straightforward, it has a considerable flaw: it breaks gauge
invariance.

Dimensional Regularization: This is the method usually used in SM calculations, since it
preserves Lorentz and gauge invariance. In dimensional regularization the four
dimensions of spacetime are extended to D = 4 — ¢ dimensions and the divergences
are expressed as powers of 1/e. For supersymmetric calculations, however, this method
is not appropriate. By extending the spacetime to D dimensions, additional bosonic
degrees of freedom are introduced and supersymmetry is broken thereby.

Dimensional Reduction: This method is a modification of dimensional regularization. The
general idea, however, is the same. But instead of considering both the fields and
the momenta in D dimensions, only the momenta are treated in D dimensions, while
the fields are kept four dimensional. This way dimensional reduction conserves
supersymmetry, and is therefore the method of choice for supersymmetric calculations.

The regularization parameters have of course no physical meaning. So, if one wants to pre-
dict a physical parameter in terms of other physical parameters, one needs a renormalization
procedure which systematically removes parameters with no physical meaning. One possi-
ble approach is to first calculate physical quantities in terms of the bare parameters. These
equations can be solved for the bare parameters. The expressions for the bare parameters
in terms of the physical quantities can be reinserted into the original relations between the
physical quantities and the bare parameters. If there are more physical observables than
bare parameters this results in relations between the physical quantities or rather a predic-
tion for a physical observable in terms of other observables. If the theory is renormalizable
these relations do not depend on the regularization method anymore, i.e. the divergences can-
cel. Although this approach to renormalization always works it can get really complicated.
Therefore a different method which is more formalized is used: the so-called counterterm
formalism.

4.1.1 Counterterm Formalism

In the counterterm formalism each bare parameter (e.g. p"®€) of the original Lagrangian is
split into the so-called “renormalized parameter” p™", which is finite and a counterterm 6°p
which contains the divergent part corresponding to the corrections of i*" order

pPare = pren 4 5l + 5%+ .. (4.1)

Since we only deal with one-loop corrections here, the superscript will be omitted from now
on and Jdp will denote the first order counterterm. Now, one has to choose renormaliza-
tion conditions which link the renormalized parameters to physical observables by fixing the
counterterms. There are different kinds of renormalization conditions. The two types of
renormalization conditions that are relevant for this thesis are:

On-Shell Renormalization: Applying on-shell renormalization conditions fixes the counter-
terms, so that the renormalized parameters are equal to the physical observables to all
orders of perturbation theory. So, for example if one of the parameters is a mass, the
counterterm dm is chosen so that m™" is equal to the physical mass®. Then dm consists

3Physical mass in this context means that the square of the mass is given by the real part of the momentum
squared at which the propagator has its pole.
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4.1. General Remarks on Renormalization

of a finite and a divergent part. If on-shell renormalization is used for all parameters
the result does not depend on the renormalization scale* Q.

DR Renormalization: Only the part of the bare parameter proportional to A is absorbed
by the counterterm. A consists of the divergent part of the bare parameter and the

constants vg and In4m:

2
A=—-—~vg+Indr. (4.2)
€

Here 7 is the Euler-Mascheroni constant, vz ~ 0.5772. If DR renormalization is used
the result still depends on the renormalization scale Q. DR conditions are nevertheless
useful when the parameters cannot easily be connected to physical observables or if
the observables cannot be measured with good accuracy. The DR renormalization is
in principle the same as the MS renormalization, which is usually used in the SM. The
only difference is that DR renormalization uses dimensional reduction, whereas MS
renormalization uses dimensional regularization.

The choice of the set of independent parameters and renormalization conditions for these
parameters is called a renormalization scheme. If the calculations were performed up to
all orders, all renormalization schemes would yield the same results. Of course, this is not
possible. Therefore the difference between several renormalization schemes is a measure for
the theoretical uncertainty due to missing higher order corrections.

Defining the counterterms for all the independent parameters in the Lagrangian is sufficient to
obtain finite S-matrix elements. If one, however, also desires finite Green functions the fields
have to be renormalized as well. In order to do that, the bare field (e.g. ¢"*) is replaced by
the renormalized field ¢**" multiplied with the square root of a so-called field renormalization
constant Z

¢bare :\/7 ¢ren = \/1 + (51Z¢ + 52Z¢ + ... gbren
(4.3)
= pbare — ( + 5lz¢ +

8(51Z¢) + 62Z¢ 4. ) ¢ren )

Combining the parameter and field renormalization the bare Lagrangian L can be split into
the renormalized Lagrangian £ and the counterterm Lagrangian 6L

Lo=L+6L. (4.4)

The bare Lagrangian and the renormalized Lagrangian are generally of the same form. The
only difference is that the former depends on bare parameters, whereas the latter depends on
renormalized parameters. Thus, the renormalized Lagrangian is finite and all the divergences
of the bare Lagrangian are absorbed into the counterterm Lagrangian.

4.1.2 Renormalization Conditions

As already mentioned above we need renormalization conditions which tell us what parts
of the bare parameters are to be absorbed into the counterterms, i.e. these renormalization
conditions fix the counterterms. This is usually done by using one-particle irreducible two-
point functions. The two-point function is basically equivalent to the inverse propagator

Hence, the statement that the real part of the pole of the propagator is at p? m?2, is

4 Appendix B| explains why this scale is introduced.
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4. Renormalization and Calculation of the One-Loop Higgs Boson Masses

equivalent to the statement that the real part of the two-point vertex function vanishes if the
external momentum p? is equal to the mass m?. The renormalized® two-point function I'g
for a scalar with the physical mass mg is given by

Poo g omem- % S =il - m) +iSs(?). (15)
P’ P’

Here f]g(pQ) is the renormalized self-energy, which consists of the self-energy Y 5(p?) creating
the UV-divergent loop corrections to the mass mg and the counterterm part, which includes
the counterterm 6m§ and the field renormalization constant 6 Zg

Ss(p?) = Es(?) + (p* — m%) 6Zs — om?%. (4.6)

The form of f]s(pQ) can be understood, when considering the bare Lagrangian

1
E:i(pQ—m%)SQ—F..., (4.7)
and making the replacements
m% — m% + om% and S — (1+46Z5)S. (4.8)

The counterterms 5m% and 6Zg have to be chosen in such a manner that they cancel the
divergences of the loop integrals in the unrenormalized self-energy Yg(p?), so that the renor-
malized self-energy 2(]92) is finite. If m% is to be renormalized on-shell the renormalization
condition reads

Rel'g(m3) =0 = ReXg(m%) =0 = om% = ReNg(m%). (4.9)

So, if an on-shell renormalization condition is applied the mass counterterm for a scalar is
determined by the real part of the self-energy evaluated at m%

Similar relations can be derived for vector bosons and fermions. The two-point function
FL/V for vector bosons with the mass My displays an additional Lorentz structure. In the
't Hooft-Feynman gauge the two-point function reads

%) = Vi W“%pQ O = —igu (P — MP) =i}, (") . (4.10)

The on-shell renormalization condition for vector bosons is given by

20. (4.11)

R f\V 2\ v, 2
el ()" (p )p2=Ma

Here ¢, is the polarization vector. The renormalized self-energy for the vector bosons i]}fu (p?)
can be split into a transverse and a longitudinal part

- p pu a p pu 2
5V (%) = (gw - p) 550 + 225k 7). (4.12)

SRenormalized parameters are always denoted by a hat.
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4.1. General Remarks on Renormalization

i]‘T/(pQ) and XA]‘L,(pz) have the same form as the scalar renormalized self-energy. Thus condi-
tion (4.11)) together with p,e” = 0 leads to the mass counterterm for the vector bosons

SME =ReXL(M2). (4.13)

Finally, the two-point function for fermions is given by

Pr(p)= F 4;—%—7 Fo = i(p—mp) +iS(p). (4.14)

The on-shell renormalization condition for fermions with the mass mpg is

. !
ReI'r(p)u(p) e 0. (4.15)
=m%

Here u(p) denotes the spinor. The fermionic self-energy can be written in the following form

Y(p) = pwrEvL(p) + pwrEvr(p) + wiEsL(p) + wrSsr(p) (4.16)
where wy, = 1_275 and wp = 1—575 are the left- and right-handed projection operators. Sy, and

i]VR are called the left- and right-handed vectorial self-energies, while f]gL and ESR are called
the left- and right-handed scalar self-energies®. This decomposition can be performed both for
the renormalized and the unrenormalized self-energy. The components of the renormalized
self-energy can be expressed in terms of the unrenormalized self-energy components, the mass
counterterm dmp and the field renormalization constants” §Zp and 677,

. 1
SvL(p) = Svilp) + 5 (52; + 6ZL),

. 1
Svr(p) = Zvr(p) + (52;; + 523),

. 1 (4.18)
Ysi(p) = YsL(p) — 3T (5ZR + 5ZL> — Smp,
3 1 * *
Ysr(p) = Xsr(p) — imp (5ZR + 5ZL) —dmp.
Using the relations
p2—m?, 9
pwr = WRP, pwr =wrp and pu(p) —— mpu(mz) (4.19)

it can be derived that the mass counterterm has to be fixed to
1
omp = 5 <mF Re ZVL(mF) + mr Re EVR(mF) + Re ESL(mF) + Re ZSRU”F)) (4.20)

in order to renormalize the fermion mass on-shell.

Note that during this whole discussing of general renormalization conditions, all parameters
were taken to be real. The subtleties that arise when working with complex parameters
will be considered later on when needed. A nice overview of these general renormalization
conditions is given in [28].

6«yectorial” and “scalar” might be misleading here. Of course the “vectorial” self-energy is still a scalar.

"It is necessary to introduce two field renormalization constants, one for the left-handed field and one for the
right-handed field.
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4. Renormalization and Calculation of the One-Loop Higgs Boson Masses

4.2 Counterterms in the NMSSM Higgs Sector

When calculating the one-loop Higgs masses the renormalization procedure for the Higgs
sector has to be performed. So, all bare parameters appearing in the Higgs mass matrix are
split into a renormalized parameter and a counterterm as described in Section The
parameters of the Higgs sector are listed in Eq. (3.40). For real parameters (e.g. the vector
boson masses) it is straightforward to introduce one counterterm which is automatically real.
For complex parameters (e.g. A or k), however, it is possible to introduce either one complex
counterterm or two real counterterms. Here we take the latter choice. All complex parameters
are split into their absolute value and their phase. Then one real counterterm for the absolute
value and one real counterterm for the phase is introduced. All necessary counterterms are
listed in Table As mentioned earlier only three different phase combinations (¢, ¢r,

real parameters and absolute values phases
e—e(l+62.)

Mg, — Mgy + 6M; A = P+ 09
M2 — M% + M3 Pr = P+ 0y
Mpe — Mps + 0Mp s o1, = o1, + 007,
thy — thy + Oth, o1, — o1, + 091,
thy, = th, + Otp, Pu = Gu + 0¢u
th, — th, + Otn, Ps = b5 + 0¢s

IA| = [A| +0A or
k| = |K| + Ok 1 — 1+ 001
lvs| = |vs| + dvs tag = tay + 0ta,
|T| — |Th| + 0T ta, — ta, + Ota,
tanfS — tanfg + dtanf

Table 4.1: Counterterms of the Higgs sector.

and ¢r.) appear in the Higgs sector. Hence, it is sufficient to introduce counterterms for
these three phase combinations. Using the tadpole equations for t,, and t,, Eq. the
counterterms d¢r, and d¢y, can be replaced by dt,, and dt,,. Obviously, d¢r, dt,, and 0t,,
are just functions of the counterterms of the initial six phases.

In order to obtain the counterterm mass matrix d Mijges one has to:

1. Express the Higgs mass matrix in terms of the parameters
My, Mg, e, tanf, v, ’/i‘, |/\|, ‘TK|, ngi, thd, thy> The) or, (Z)[/\ and (Z)[K . (4.21)

The necessary substitution rules for this are given in Eq. (3.38243.38d) and Eq. (3.39).

Note that it is important to distinguish between 3,, coming from the rotation matrices
and 8 coming from the ratio of the VEVs, since in contrast to tan 3, tan 8 receives a
counterterm.

2. Carry out the replacements listed in Table
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4.3. One-Loop Higgs Masses in the Real NMSSM

3. Expand around the counterterms and keep only the terms linear in the counterterms. All
terms of higher order in the counterterms are only needed for higher order calculations.
Thus, we obtain

Miiggs = MHiggs + 0MHiggs (4.22)

and can read off the counterterm mass matrix d Mpjggs.

4. Insert the tree-level relations

th, = thy =th, =0 and Bn = B. (4.23)

The resulting counterterm mass matrix d Mjggs is given in Appendix @

We already mentioned several times that the angle § originating from the ratio of the VEVs
is renormalized, whereas the angle (3, appearing in the rotation matrices to separate the
charged and neutral Goldstone bosons is not. The reason for this distinction is that the whole
renormalization procedure could also be performed for the interaction eigenstates, i.e. before
the separation of the Goldstone bosons. But the angle 3,, has not even entered the calculation
before the separation of the Goldstone bosons, therefore it does not need to be renormalized.

Note, that in the special case of the real NMSSM the counterterm mass matrices My, and
0Mj, are given by

SM, = OMiiegs| | OMrtiges] (4.24a)

0 MHiggs 0 MHiggs
1288 21 1288 22 (S(Z)Iidtad:dtas =0

5MHiggs 5MHiggs 5MHiggs 35

33 34
OMui O M OMuy;
Higes | Higes |, Higes | / 56—t =0ta,=0

The other matrix elements of 0 Mpyjggs vanish in the real case and naturally the counterterms
for the phases are not needed.

In addition to the counterterms for the parameters, it is necessary to introduce field renor-
malization constants. Here we will introduce one single field renormalization constant for
each Higgs doublet and one for the singlet field

Hy— /Zy, Hy,  H,—+\/Zg,H, and S—+\/Zg S. (4.25)

4.3 One-Loop Higgs Masses in the Real NMSSM

For now we restrict ourselves to the special case of the real NMSSM. Hence, there is no
mixing between the CP-even and CP-odd eigenstates and they can be considered separately.
In contrast to the simple examples given in Section [4.1.2|the renormalized two-point functions
in the Higgs sector are matrices instead of scalars. The renormalized two-point functions for
the CP-even and CP-odd Higgs mass eigenstates are

R p2 - ’nff%u + ihlfh (p2) ﬁ)hth (?2) z::hlhg (p2)
I'p =1 zgh2h1 (pZ) p2 - TnAiQ + Xhohs (pQ) Lhohy (PQ) (4.26)
Eh3h1 (pZ) Eh3h2 (p2) p2 - m%3 + Ehghg (p2)
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4. Renormalization and Calculation of the One-Loop Higgs Boson Masses

and 2 2 ; 2 S 2
fa — i (p - mal + Eguh (p ) ) 22a1a2 (Z) ) ) > ] (4.27)
Eazm (p ) p- = ma2 + Eazaz (p )
Here p? is the external momentum, mp, and mg,, are the tree-level masses and flhihj and

~

Ya;a; are the renormalized self-energies. The matrix valued renormalized self-energy for the
CP-even mass eigenstates is given by

(5212/\4;13& + M;‘faéZh) — ZudMnzh

N |

~ $Zu, 0 (4.2
with 02y, = Zg 0 5ZHU

0 0 §Zs

. 1 3 .

S0 07 = 0% + 592 (02] +Zn ) -
0
0 | 2}

Since the field renormalization constants were introduced for the interaction eigenstates, it
is necessary to apply the rotation matrix Zp, which diagonalizes My, to obtain the field
renormalization constants 7y, for the mass eigenstates. The unrenormalized self-energy
Shin, (p?) = Zn(p?) ‘Zj can be obtained by calculating all contributing one-loop diagrams with
external particles h; and hj. The generic diagrams are given in Fig. If one inserts the

S 1%
//\\\ F S
! -—~
\\ /' h] . ™\ h]
_______ ~@ L - - ———— - ——— e — = — —_——— ____’ > ----
h; hj i hj hy hi N
F S
u 1% \%
h; h; m h
____.. .. ________________ -_—-— -
hl hi hl \\\ ///
u 1% S

Figure 4.1: Generic diagrams contributing to X, (p?). There are scalars (S), vector bosons (V),
fermions (F) or ghosts (U) in the loop.

particles, this results in a total of 126 diagrams at particle level, which have to be calculated
to obtain one component of the self-energy matrix. The one-loop self-energies are calculated
analytically in terms of the loop functions Ay and By (for more details see Appendix. The
particles to be inserted are:

e scalars (S): Higgs particles (h;, a; and HT), Goldstone bosons (G and G¥),

sleptons (€ and 7) and squarks (@ and d)
e vector bosons (V): Z- and W-bosons (Z and W¥)

e fermions (F): charged leptons (e), quarks (u and d), neutralinos (x")
and charginos (x¥)

e ghosts (U): ghost corresponding to the Z- and W-bosons (17 and 7+)
For the CP-odd Higgs fields the renormalized self-energy is given by
. 1 N . 1/ - . .
200Y = =002 + 3 (523 + 5Za) -5 (5Z;M§1a + Mglaaza) — Z4oMaZT
(4.29)

- 2 .2
with 67, = Z, (cos B0Zy, +sin“B 6Zy, O ) Z};.

0 0Zg
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4.3. One-Loop Higgs Masses in the Real NMSSM

The generic diagrams for ¥,,,; are the same as for Xj p, .

Now that we understand the structure of the two-point functions, it remains to explain how the
one-loop masses can be derived from it. Since the two-point function has a matrix structure
the physical masses are given by the real part of the roots of the determinant of I (p?). Since
the momentum p? appears not only in the diagonal elements, but also as an argument of the
self-energies, it is impossible to solve the resulting equations analytically. There are different
approximations which can be applied to obtain numerical results.

p? = 0 Approximation: In this approximation the momentum appearing in the self-energies
is set to zero. So, the two-point function for the CP-even fields becomes

. p2 - 773}2“ + 2h1h1 (0) 2A]h1h2 (9) Z:]hm:a (0)
I'p=i ¥h2h1 (O) p2 - Tnﬁg + Xhohy (0) z:h2h3 (p) : (4‘30)
hah, (0) 2hahs (0) p2 - mi%d + 2nzhy (0)

The condition det (fh(pQ)) = 0 results in a polynomial cubic in p?. The three possible
solutions for p? are the one-loop masses for the CP-even Higgs fields we have been
looking for. This approximation is only suitable if one is interested in the masses of the
light Higgs bosons.

On-Shell Approximation: In the on-shell approximation the momentum dependence in the
self-energy ihihj is replaced by %(m%l + m%j). This has the convenient effect that
the dependence on the field renormalization constants in the renormalized self-energies
drops out completely. To avoid complex contributions the real part of 3y, is taken. The
condition det (f‘h (p2)) = 0 once again results in a cubic equation for p?. In fact solving
this equation is the same as determining the eigenvalues of the following matrix

Mia Lz My, ZE — Re Sy (p?) (4.31)

p2os % (m%i +m%j )

Iterative Approximation: Since this is the most exact approximation of those listed here,
this is the one used throughout this thesis. As the name already suggest, an iterative
procedure is applied to determine the one-loop masses. Let’s say we are interested in the
one-loop mass of the k-th Higgs boson. First of all, the p? appearing in the self-energies
has to be set to a starting value. One possible choice is to set p? equal to the tree-level
mass (p? = m%k) Then the k-th eigenvalue M, ik of the matrix

MEP = Ml — 55y (p?) (4.32)
p2—>mik
yields the first approximation for the one-loop mass of the k-th Higgs boson. The idea

now is to take this first approximation, set p? to MI2{k and once again calculate the k-th

eigenvalue of .MSOOP. However, there is a slight complication because the eigenvalue

M?{k can be complex. The physical mass is of course given by the square root of the
real part of the eigenvalue. But for the iterative procedure we actually keep using
the complex value Mi,k Since LoopTools , the program used to evaluate the loop
functions, is not able to deal with complex arguments in the loop functions, we use the
following expansion

O%n(p?)

i (4.33)

M}llloop ~ Mﬂia _ ih(Re(M%Ik)) — iIm(M?{k)
p2—>Re(M12_Ik)
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4. Renormalization and Calculation of the One-Loop Higgs Boson Masses

Now, the k-th eigenvalue gives a new approximation, which we can reenter into Eq. (4.33).
This procedure is repeated until the physical mass remains the same to a certain preci-
sion which we chose to be 107 in our analysis.

Note that all of the above approximations are not strict one-loop calculations. In fact all
of them include terms quadratic in the self-energies, which are formally of higher order. All
of the above approximations were explained using the example of the CP-even Higgs sector.
Of course the procedures for the CP-odd Higgs sector are analogous. Explanations of the
different approximations can also be found e.g. in and .

4.4 Mixing Matrix Elements at One-Loop in the Real Higgs Sector

The fact that I'n and Ty as given in Eq. (4.26) and Eq. are non-diagonal matrices
reveals that the tree-level mass eigenstates h; and a; mix to the one-loop mass eigenstates H;
and A;. Since we already know how the interaction eigenstates mix to the tree-level mass
eigenstates, the mixing of the interaction eigenstates to the one-loop mass eigenstates can

easily be inferred. This mixing shall be described by the mixing matrices ZEIOOP and Zfl{bOp,
H, hq
Hy | =25 [ h, and (A1> _ zlloop <a> . (4.34)
Ao Qs
s h,

Knowing these mixing matrices is essential, when discussing Higgs phenomenology, as the
elements of the mixing matrices are a strong indicator of how a particular Higgs boson couples
to the other particles of the model. By construction the Higgs singlet, which is of course an
interaction eigenstate, does not couple at all to the gauge bosons or to the quarks and leptons.
A Higgs state which is mostly singlet-like can therefore escape detection even if it is light.
(ZEIOOP)% is a measure for the strength of the singlet component in the i-th CP-even Higgs
boson just like (Zi'lOOP)?Q is a measure for the strength of the singlet component in the i-th
CP-odd Higgs boson.

p? = 0 Approximation

One way to calculate the mixing matrix is to use the p? = 0 approximation. Here the one-
loop mixing matrices are defined as the matrices that diagonalize the one-loop corrected mass
matrices with the external momentum in the one-loop corrections set to zero:

25" <Mh — (21)" Sn(0) ZH) (257) " = diag(MIQ‘h’ Mi,, M?ﬁ)’ (4-35a)
1-loop T ¢ 1-loop\T __ 5. 2 2
Z119P [ M — (24)7 $a(0) 24 | (25°0)T = diag(M3,, MZ). (4.35b)

Setting the external momentum to zero guarantees that the one-loop corrections are real,
which in turn leads to an orthogonal mixing matrix. It is obvious that the relation

23: (z},‘lmp); ~1 (4.36)

=1

32



4.4. Mixing Matrix Elements at One-Loop in the Real Higgs Sector

holds for an orthogonal matrix. This relation is equivalent to the statement that all singlet
components of the one-loop mass eigenstates add up to one. The mixing elements obtained
in the p? = 0 approximation are equivalent to those obtained in an effective field approach.

External On-Shell Higgs Bosons

The p? = 0 approximation does, however, not take care of correctly normalizing the S-matrix.
But if one is working with external Higgs bosons this is crucial. The correct normalization can
be achieved by finite wave function normalization constants. Having to introduce these here,
could be avoided by applying an on-shell scheme to the field renormalization constants instead
of the DR renormalization we will use. The formulas to determine the mixing matrices which
account for the correct external on-shell properties were taken from , where the mixing
matrices for the case of two and three mixing particles are derived.

CP-odd Higgs Bosons: As there are two CP-odd Higgs Bosons, we need to consider two
particle mixing. Let

Uiy =16 (p® —m?2) +i%;;  with i,j=a1, a» (4.37)

be the renormalized two-point function for the tree-level mass eigenstates a; going to a;.
To abbreviate the notation the index a on 3 and I' and their p? dependence will be
omitted in the following. After inverting the matrix valued two-point function the so-
called effective self-energy can be read off the diagonal elements by presuming that the
diagonal elements should read
Y= (4.38)
p7—mg, + Xeftii

The effective self-energy is then given by

Veft,ii = 2is + if” - (4.39)

There is no summation over j here. Instead j is given by j # ¢ (i.e. if i = 1 then j = 2
and vice versa). The mixing matrix is given by

2
(2114—1001))1'[ _ ; \/;l Z’Lj (ZA)jl (440)

With the wave function normalization constants

- 1
Z _< —— > : (4.41)
1+ Re Eeﬂjii(p ) .y
o S (2 3
Zij ’Lij 5 *J (p )A and ZZZ =1. (442)
M3 —m3 +%5;(p?)

p*=M3,

Here f]gﬁc ;; denotes the derivative of the effective self-energy with respect to the external
momentum squared which is set to the one-loop mass Mii.
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4. Renormalization and Calculation of the One-Loop Higgs Boson Masses

CP-even Higgs Bosons: For the CP-even Higgs bosons we have to consider the mixing of
three particles. The renormalized two-point function for h; going to h; is denoted by

fij = 15,” (p2 - m%l) + liz] with 4,7 = hq, ho, hg. (443)

In the case of three particle mixing the effective self-energy is slightly more complicated
and reads o o o
A A ngrkk + FZQkF]J - 2F1]szrgk
Yeffii = 2 — 1 A .
U5 = Ljilhk

(4.44)

Again there is no summation over any of the indices here. The index i is given and j
and k are determined by the demand that all indices need to differ (e.g. i = 1 leads to
j=2and k=3 or j =3 and k = 2, which one does not matter due to symmetry). The
mixing matrix is then given by

(2) = 23: V2 2y (2u) . (4.45)
j=1

With the wave function normalization constants

N 1
Z; :< - ) , (4.46)
L+ Re S ) |y
Ny i (M[%[ — m;%k + Ekk) — DSk .
Zij = - o 5 5 = 5 5 " and Zm =1.
3 — (M, —mi + %) (M3, - m3, + i) .
(4.47)

Note that the mixing matrices determined this way cannot be regarded as rotation matrices,

since they are not unitary let alone orthogonal. But still the matrix elements (ZIIJIOOP )33 and

(ZXIOOP)?Q can be used to determine the singlet component of the one-loop mass eigenstates.
However, the relation given in Eq. (4.36) is only fulfilled approximately

3

1-loop 2 ~
3 (ZH )i3 ~1. (4.48)

=1

But since the imaginary parts of the mixing matrix determined by the approximation for
external on-shell Higgs bosons are relatively small compared to the real part the deviation
from the exact relation is small.

4.5 Mixing with the Goldstone Boson at One-Loop

In the two previous sections we always neglected the mixing with the Goldstone boson which
takes place at one-loop level when calculating the one-loop masses and mixing matrix ele-
ments. To be more precise we neglected the mixing of the CP-odd Higgs bosons with the
Goldstone boson. Since CP is conserved in the real NMSSM, the CP-even Higgs bosons do
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4.5. Mixing with the Goldstone Boson at One-Loop

not mix with the Goldstone boson. But for the CP-odd Higgs bosons we should really have
considered the 3 x 3 two-point function

X v + Sao 20@ R S Gas
Fga=1 gmG p2 - Tnjl + Yayay (p2) Yaras (Pz) ) (4.49)
EagG Eazal (p2) p2 - mgg + Ea2a2 (pZ)

in the basis (G, a1, as). The additional subscript G indicates that the respective 3 x 3 matrix
is considered. The renormalized self-energy in this case is given by
2(1) 2\ 2(1) 2 1 2 5ZT 52 _ 1 521’ Mdia Mdia 52 — ZA0M ZT
ca®’) =2ga%) + 5P Ga T0%Ga) = 5(04¢aMGa+ MGadlGa AOMGaZy
R C%(SZHd—I—S%(SZHu S,BCB((SZHu _6ZHd) 0
with 6Zga=2Za | s3¢5(6Zn, —0Zu,)  $30Zu, + 20Zu, 0 | Z4. (4.50)
0 0 0Zg

So, on the one hand the mixing occurs due to contributions of one-loop diagrams such as

a; 4@7 G and G Q a;

with any particles in the loop. On the other hand we argued that the Goldstone boson
decouples since the first row and the first column of M, (see Eq.) vanish after applying
the rotation with the angle 5,,. However, this is only the case if the tree-level relations 3, = 3,
th, = th, = tn, = 0 are inserted. Before these relations are inserted the element of the mass
matrix that describes the mixing of the Goldstone boson G and the interaction eigenstate a
reads

M2, s 52 N2
MG,a 1 = 288 (1 - 2w - M[%[itAﬂ +

| thuCs, —thySp, |, (4.51)
2 2 e? 2Mw sy cap ( d

where we used the abbreviations sinx = s,, cosx = ¢;, tanx = t, and AS = 3 — 8,. The
Weinberg angle 6y is given by cosfy = Myz/My. It can easily be seen that the above
expression vanishes at tree-level. If we now perform the expansion around the counterterms

and then plug in the simplifying tree-level relations, we obtain

2 | 12 255, \* 2 €
(5MG’7a o = 5tan,@ Cﬁ MW 1-— 62 - MHi + m ((5thu Cﬁ — 6thd 55) . (452)

The other elements of 0 M 4 can be derived accordingly.

These mixing terms were not presented in Section since including them only led to minor
changes in the one-loop masses. Actually, the effect was less than 10~*. Therefore, although
implemented, these terms were neglected in the standard calculation. The fact that they are
so small is not really a surprise as this is already known for the MSSM.
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4.6 Renormalization Schemes for the Real Higgs Sector

Before we can actually calculate the one-loop masses and mixing matrix elements, it is nec-
essary to fix the counterterms. In other words: we need to adopt a renormalization scheme,
which defines renormalization conditions for the twelve counterterms of the real Higgs sector.
The main renormalization scheme we use is a scheme that mixes on-shell and DR renor-
malization conditions, therefore it is referred to as “mixed scheme”. To get a grasp on the
theoretical uncertainties a pure on-shell scheme and a pure DR scheme were implemented as
well for comparison. The different schemes will be described in more detail in the follow-
ing. The renormalization procedures presented here are inspired by the procedures used for
the renormalization of the Higgs sector, as well as of the neutralino and chargino sectors as

performed for the MSSM in and .

4.6.1 Mixed Renormalization Scheme

In the mixed scheme the parameters with a clear physical meaning are renormalized on-shell,
whereas the parameters which cannot be linked to a physical observable straightaway are
renormalized using DR conditions.

€, MW; MZ7 MHiv thd7 thua thsv )\7 K, Vg, Tlia ta‘nﬂ (453)

on-shell DR

From the twelve parameters which need to be renormalized in the real Higgs sector seven can
be linked to physical observables and are therefore renormalized on-shell. These parameters
are: the electric charge, the vector boson masses Mz and My, the mass of the charged Higgs
boson and the tadpole parameters 3, t, and ;. Hence, we are left with five parameters to
be DR renormalized, see Eq. . To fix these five DR counterterms it would be sufficient
to employ renormalization conditions solely from the Higgs sector. But in order to have a
nontrivial crosscheck we will use renormalization conditions from the Higgs, the neutralino
and the chargino sector. For convenience the parameters which are renormalized on-shell are
taken to be on-shell input parameters, whereas the parameters which are DR renormalized
are taken to be DR input parameters.

Charge Renormalization

The charge counterterm is chosen so that the corrections to the electron-electron-photon
vertex vanish for on-shell external particles, i.e. vanishing photon momentum. This is the
so-called Thomson limit. The renormalization condition

— MAee / / — o7 /
u(p)L',“(p, p)u(p’) e etu(p)yuu(p’) PP (4.54)
with
e, p°
- ree
L p,p') = Ay (4.55)
e, p/2
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finally leads to

2 Ok? p cosOy M2

0Ze

(4.56)

Hence, 67, is determined by the derivative of the transverse self-energy for photon going
to photon and by the transverse self-energy for photon going to Z-boson both evaluated at
vanishing momentum®. The angle 6y is the electroweak breaking angle and is given by

Mw
My~
Since this is the usual way to renormalize the electric charge, which is also used in most SM
and MSSM calculations, derivations can be found in many textbooks and papers, e.g. in |\

cos Oy = (4.57)

Counterterms for the Masses of the Charged Higgs Boson and the Gauge Bosons

Using the on-shell renormalization conditions for scalars and vector bosons given in Eq. (4.9)
and Eq. (4.13), it is straightforward to see that the counterterms for the masses of the charged
Higgs boson and the gauge bosons are given by

SME, = ReXjy (M3, (4.58)
SM%Z = ReXL (M%), (4.59)
SM%s = ReXp+ (M7L). (4.60)

So, in order to calculate these counterterms the transverse self-energies for the W- and the
Z-boson and the self-energy for the charged Higgs boson have to be calculated.

Tadpole Counterterms

At one-loop level the tadpole conditions given in Eq. have to be modified. As explained
in Section the tadpole parameters represent the terms of the Lagrangian linear in the
corresponding Higgs fields. When going from tree-level to one-loop the Lagrangian is split
into the renormalized tadpoles and the tadpole counterterms

L+06L=...— (tn, + Otn,) = (th, + 0tn,) = (th, + Otp,)- (4.61)

The one-loop tadpole corrections for the CP-even mass eigenstates h; (with i = 1,2,3) are

given by
— won
h;

It is convenient to demand that the renormalized tadpole parameters vanish, since this implies
that diagrams of the form

_____ S,
h, b, (4.63)

8Note that the sign in front of the second term depends on the conventions used in the Feynman rules and can
therefore differ in the literature.
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do not need to be considered in the Higgs self-energies. Note that the one-loop corrections
are given in terms of the mass eigenstates, whereas the tadpole parameters are given in terms
of the interaction eigenstates. Hence, the rotation matrix appears in the renormalization
conditions

5thd T Th1
Sth, | = (Zu)" [ Th, | - (4.64)
6ths Th3

Field Renormalization Constants

The field renormalization constants are renormalized in the DR scheme to circumvent un-
physically large corrections, since in the MSSM this has proven to be numerically stable even
close to thresholds . They are chosen so that the residua of the poles of the propa-
gators of the CP-even Higgs fields are set to one. This is equivalent to the demand that the
derivative of the renormalized self-energy with respect to the momentum squared vanishes
on-shell (i.e. p? = m,%z) Since we renormalize the field renormalization constants in the DR
scheme we only take the divergent part

8ihihi (p2)
fe (8132

With the renormalized self-energies as given in Eq. (4.28) this yields the following three
equations

div
=0. (4.65)

1m0 Zm, + |(Zm)ia| 0 Zu, + |(Zr)is|*625 =0 (4.66)

with ¢ = 1,2,3. The field renormalization constants can be obtained by solving these equa-
tions for 02y, , 02y, and 6Zg and then taking the divergent part only.

The Counterterm dtang

The counterterm dtanp is fixed using the DR-scheme. Since tan/ was introduced as the ratio
of the VEVs v, and vy, it is apparent that

1
dtanf = tanf (2 <6ZHu - 5ZHd> 4 5& _ m)

4.67
o oy (4.67)

div

The divergent parts 2%« and %‘ giv re equal as shown for the MSSM in . Hence

Uy, Idiv
these two terms cancel and we are left with

1
dtanf = Qtanﬁ (5ZHu — (SZHd)

. 4.68
div ( )

So, dtang is determined by the field renormalization constants which in turn are given by the

solution to Eq. (4.66)).
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The Counterterm 6\

To fix 6\ we search for an entry in the Higgs mass matrices My and M, in which A appears
as isolated as possible. The (1,1) entry of M, fulfills this requirement

Ma

2N2 M. M2
=MZ,=Mjs — My + = W<1W>. (4.69)

2
11 M7

Although this is an interaction eigenstate, one can still apply the renormalization condition

for scalars given in Eq. (4.9)
SM?, = ReSqa(MZ,). (4.70)

Here 3, is the self-energy in the interaction eigenstates. The Feynman rules being given
in mass eigenstates implies that we usually obtain the self-energies in the basis of the mass
eigenstates (denoted as ¥, for the CP-odd Higgs fields). But these two are related by

Yaa = ((ZA)T Ya ZA) ‘H. (4.71)
The counterterm 6M, , can be expressed in terms of the counterterms dMpy+, 6Z,, 5M3V
and 6M % (see Eq. ), all of which were already determined in the renormalization con-
ditions above. Eventually this provides an expression for JA in terms of the already known
counterterms and the self-energies of the CP-odd Higgs sector:

1

N= ————5—
4)\M5V sin“Oyy

62(( )T ReSa(M, )ZA>‘ = 2OMs + AN M, sinOy 2o+

+ (62 - 2)\2(1 - 2C0829w))5M3V — 22 COS491/V5M%]

div
(4.72)
Since )\ is to be DR renormalized, we only take the divergent part as indicated by the subscript

div.

The Counterterm dv;
Applying the renormalization condition for fermions given in Eq. (4.20) to the counterterm

of the (2,2) element of the chargino mass matrix (see Eq. (3.46)) fixes dvs. The counterterm
of the (2,2) entry of the chargino mass matrix is given by

AUg
99 = 5mx2¢2 = 6 < \/§> . (473)

Solving for dvs and taking only the divergent part results in

V2 Vg
51]3 = (A(Smxéz — XdA

1
om + = 2<miReEVL(mi

5MX¢

, (4.74)
div

where 5mxi is given by
22

VR SL SR
)+ m,+ Re 22(mxi ) +Re EX (mxét )+ ReE <mx§t2)

(4.75)

X292 X2 X22
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4. Renormalization and Calculation of the One-Loop Higgs Boson Masses

The self-energies EVL YR 8L and BS% are once again in the basis of the interaction

22 X22 X
eigenstates. The followmg relations link them to the self-energies of the mass eigenstates:

2k =2, = (V1 2 s V), (4.76a)
i = By, = (U 2V s U7) ]22, (4.76b)
281;2 — 2SL % ], = (UT E)S(L . V) ’22’ (4.760)
ES}; = 3 i 2 (VT Z38 mmass U ) . (4.76d)

Here the matrices U and V' are the unitary matrices introduced in Section to diagonalize
the chargino mass matrix. ¥, = ;. is the 2 x 2 chargino self-energy matrix the basis of the
interaction eigenstates, whereas ¥, + . is the 2 x 2 chargino self-energy matrix in the basis
of the mass eigenstates.

Thus, if the four self-energies of the chargino sector are known, the counterterm dv; is known,
as 0\ has already been determined.

The Counterterm 6k

The neutralino sector offers a nice solution to fix dx. The (5,5) entry of the neutralino mass
matrix depends only on x and v,

X

Myo| =m0 = V254, (4.77)
55 55

We choose to fix 5mxg5 by the renormalization condition for fermions

1
dm. o = 2<mxg5ReZ¥§;( myo ) 4+ myo. ReEVR(m 0 )+ReZSL (M )—i—ReESR(m 0)

Xs55 X55
(4.78)
where
J J J
o =Thoim| = (V' B0 s V) ’55 for J=VL, SR -
J J T yJ * ’
o =Thom| = (VT To s N7 for J=VR,SL.

Here N is the unitary matrix introduced in Section to diagonalize the neutralino mass
matrix. Since there are 5 neutralinos in the NMSSM the self-energy is a 5 x 5 matrix. The
counterterm Jdx is given in terms of the already known counterterms dvs and 5mxg5, with the
latter depending on the 25 self-energies of the neutralino sector:

1 K
0Kk = (mdmng - US(SUg) (480)

div
The Counterterm 67},

Finally, the only counterterm left to fix is 07,. T, was introduced as the trilinear SUSY
breaking parameter in Eq. li It appears only in combination with the Higgs singlet field.
Hence, we are left with two options: either fix 5/\/13’22 or 5Mh‘33, i.e. the singlet components
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4.6. Renormalization Schemes for the Real Higgs Sector

of the CP-odd or CP-even fields. They are given in Eq. and Eq. (D.17), respectively.

Unfortunately both expressions are very lengthy. Here we choose to fix 5Ma’22 b
Maly, = M2, = ((Za)T Sa(M2 ) 24)| . (4.81)

Solving this equation for 67, and taking only the divergent part yields the last missing
counterterm

V2 ov
5T, = { — o [(E0T za2 ) 2a)| - 6] -T2 0] (4.82)
Vs 22 vs ||
div
with
th,  2Mwsg, s5¢5¢3 2 M3, s5.,535 2 2
== — ~ (¢ ty . tst ——= M — M
f Vs e,UECQAB [ hy T lhy B8 ,Bn] + Q,UQCAB [ H* WcAﬁ]
)\M%/Sg 5
€4U;V B [2AM 55, S04 + 3re*02] | (4.83)

where AB = 5 — B,.

4.6.2 DR Renormalization Scheme

The DR renormalization scheme uses the same renormalization conditions as the mixed
scheme with the only difference that the finite parts of all counterterms are discarded. Now,
if one takes the experimentally determined values for the electric charge and the vector boson
masses as input values, these are in fact on-shell values. But since we now use DR conditions
for these parameters we need to convert the on-shell input values to DR input values. The
same applies to the tadpole parameters and the mass of the charged Higgs boson. They also
need to be converted, if we want to compare the mixed renormalization scheme, where they
were taken to be on-shell input values, to the DR scheme. The bare parameter p can either be
split into an on-shell parameterlos and an on-shell counterterm dp©S or into a DR parameter
pPR and a DR counterterm dpPR. The on-shell counterterm p°S also includes a finite part,
whereas the DR counterterm dpP® consists only of a divergent part

p=p°S +5p°8 = pPR 4+ 5pPR | (4.84)
Since the divergent parts of the on-shell and DR counterterms are equal (6p©S ’ dv = 5pﬁ‘ div
this leads to the following relation to convert an on-shell input to a DR input

The input conversion enters the calculation of the one-loop Higgs masses in the Higgs mass
matrix. As described in Section [4.3|the one-loop masses are calculated starting from

MEP = Zy My, (Z5)" — Su(p?). (4.86)

The mass matrix My, depends on the twelve parameters of the Higgs sector. Since all of these
parameters are renormalized in the DR scheme the DR values need to be entered to obtain
the numerical mass matrix

My (PR, MBR, MPR, MER (PR (DR ¢DR \DR (DR (DR pDR 5 gDR), (4.87)

As mentioned above the on-shell values for e, My, Mz, My=, ty,, tp
converted to DR input values.

, and t, have to be
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4. Renormalization and Calculation of the One-Loop Higgs Boson Masses

4.6.3 On-Shell Renormalization Scheme

In the on-shell scheme all parameters except tanf are renormalized on-shell. For tanf the
same DR renormalization condition as in the mixed scheme is used

dtanfB = %tanﬁ <5ZHu — 5ZHd>

4.88
div ( )

to avoid unphysically large Correctlons close to threshold. The field renormalization constant
are also DR renormalized as in Eq. ( . Furthermore, we can reuse the following on-shell
renormalization conditions from the mlxed scheme:

SME, = ReXy, (M%),  6M%=ReXL(M2), 6MEhi=ReSy+(Miy),

. ot T;
1057 (2 0w 2T, (0 hq T ha 4.89
87, = 23142(]9) 4 sin QW ’?\jg ) and oth, | = <ZH) Th, | - ( )
D p2=0 cos bw Z 5ths Th,

Now, we have to find on-shell renormalization conditions for the five parameters which were
DR renormalized in the mixed scheme. On-shell renormalization conditions are applied to
mass eigenstates, in contrast to the interaction eigenstates we used for the DR renormal-
ization. If we once again include conditions originating from the chargino and neutralino
sectors, the counterterms for the soft SUSY breaking gaugino masses M; and My will enter
the equations as well. So, we need to find a set of equations to solve for the six counterterms:
O\, 0k, 0T, dvg, 0M7 and dMs. We choose to renormalize the two CP-odd Higgs bosons,
both charginos and the two lightest neutralinos on-shell. The renormalization conditions then
read:

(ZA SMa (ZA)T) ‘11 = Re Saa, (m2,), (ZA SMa (zA)T) ‘22 = Re Sapay(m2,),

1
,{mxli<ReE¥ini(m i)—i—ReE £ (m & >

(U* OMocx VT) ‘11 T2 X1

—i—ReZ)S( o (mxi)—l—ReESi +(m

(" omye V1| = %[mxi (RexYE

X2

i}
L(mye) +Re SR 4 (m 1))+
)

+ Re Ei (mxi) + Re ZSR mX

N 1
(N 5MX0 NT) ‘11 = - [mxcl) (Re Z;/(I{“X(l) (mxcl)) + Re 2;1(1%);((1] (mx(lJ))—l-

+Re Zil‘fx? (myg) + Re Ei?x? (mx(l’)} '

(N* S M. NT) ‘22 - }[mxo (Re SVh g (myg) + Re zvﬁo(mxg))+

SL SR
+Re XS o(m,g) + Re S o (mxg)} .

(4.90)
Here 0M,+ and 0 M,o are the counterterm matrices to the chargino and neutralino mass
matrices. They are given explicitly in Appendix [E. The self-energies are in the basis of the

mass eigenstates and for the fermionic self-energies we once again assumed the decomposition

¥(p) = pwrBvL(p) + pwrSvr(p) + wrEsL(p) + wrYsr(p) - (4.91)
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4.7. One-Loop Higgs Masses in the Complex NMSSM

This system of equations can be solved for d\, ok, 0T}, dvs, dM1 and dMs. When comparing
the on-shell scheme to the mixed scheme all input values given as DR values need to be
converted to on-shell input values:

A0S _ DR _ SAO8| KOS = kDR _ 6,08| w92
TOS — DR _ 5708|085 = PR _5,08| |
These on-shell values are the ones to be inserted into the Higgs mass matrix
My (95, MRS, MZS, MgS 415, 95 05, X985, k95, 095, 795 tan %) (4.93)

when calculating the one-loop masses.

4.7 One-Loop Higgs Masses in the Complex NMSSM

In the case of the complex NMSSM CP-violation occurs and the mixing of all five Higgs
bosons needs to be taken into account. The elements of the 5 x 5 two-point function are given
by

(inggS(p2)>ij — 165 (p? — m3.) + 15, (7)) with i=1.5; j=1..5. (4.94)

With the renormalized self-energy

1 N -
Shs (0%) =Snn, (07) + 30 (021 +02) | +

vy

1/ - ) ) -
- 5 (5ZTM%1{aggs + M%Ilg;gsdz) ij - (R 5MHiggs RT) ij (4~95)
Here /\/l%iiaggS is the diagonal matrix with the square of the tree-level Higgs masses m%i on

the diagonal and 0 MHpiggs is the counterterm mass matrix as given in Appendix D} The field
renormalization constants for the mass eigenstates read

6Z =R diag( cos® 86 Zy, + sin® B6Zu,, 6Zs, 6Zu,, 6Zu,, 6Zs) R*, (4.96)

where R is the orthogonal matrix that diagonalizes the Higgs mass matrix as defined in
Eq. li The squared one-loop masses of the neutral Higgs bosons, which will be denoted
by MIQJZ in the following and ordered by ascending mass (i.e. MIQ{z < MIQJJ, if i < j), are given

by the roots of the determinant of the renormalized two-point function inggS. Of course, the
same approximations as described in Section can be used. The only difference being that
we need to work with a 5 x 5 matrix instead of a 2 x 2 (real case, CP-odd Higgs bosons) or
a 3 x 3 matrix (real case, CP-even Higgs bosons). In the numerical analysis in Chapter
we will always apply the iterative procedure if not noted otherwise. Once again, the mixing
with the Goldstone boson is negligible as we explicitly verified and is therefore not taken into
account in the actual calculation.
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4. Renormalization and Calculation of the One-Loop Higgs Boson Masses

4.8 Mixing Matrix Elements at One-Loop in the Complex Higgs
Sector

For the complex NMSSM we will generally use the p? = 0 approximation to determine the
one-loop Higgs mixing matrix R71°°P. In this approximation R'1°°P is defined as the unitary
matrix that diagonalizes

(MHiggs - RT 2A:Higgs(o) R) (497)

with Mpjges being the 5 x 5 mass matrix in the basis of the interaction eigenstates and
YHiges(0) the renormalized self-energy at vanishing external momentum.

The formalism for external Higgs bosons as described for the real NMSSM gets quite com-
plicated for the mixing of five particles. Therefore the explicit formulas are not given here,
although they were derived and implemented. The results, however, hardly differed from the
p? = 0 approximation. Since the latter runs a lot faster than the former, this is the one we
applied in the actual calculations.

4.9 Renormalization of the Complex Higgs Sector

As listed in Table fifteen counterterms are required to renormalize the Higgs sector of the
complex NMSSM. Now, we have to define a renormalization scheme to fix these fifteen coun-
terterms. We once again choose a scheme which mixes on-shell and DR renormalization. The
parameters with a clear physical meaning are renormalized on-shell and all other parameters
are DR renormalized:

€, MWa MZ, MHia thda thu7 th57tad7tasv )‘7 R, Us, TH? tan57¢f (498)

on-shell DR

On-Shell Conditions

The renormalization conditions for the on-shell parameters only need to be slightly modified
in comparison to the real NMSSM. What basically needs to be done, is to replace all “Re”
appearing in the renormalization conditions by “Re”. Re is defined to act only on the loop
functions. So, if it acts on the product of any complex number with a loop function, Re
ensures that the imaginary part of the loop function is discarded while the imaginary part of
the complex number is kept, e.g.

PTe(c - Bo(p?, m%,m%)) = ¢ Re Bo(p*, m3, m3) with ceC. (4.99)

Hence, the counterterms for the vector boson masses, the mass of the charged Higgs boson
and the electric charge read

OMfjy = ReXyy (M3y,),  0Mj =ReX}(M3),  0Mps = ReSy«(Mps),

_ 1050, (0%) sin Oy ¥ ,(0) (4.100)

d 07,
an 2 Op? cosOy M2
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4.9. Renormalization of the Complex Higgs Sector

The counterterms for the tadpole parameters read

Ota, = sinf Ry T;, Ota, = Riz Tj, Otph, = Riz T;

(4.101)
5thu = Ri4 Tz and 6ths = Ri5 Tz .

Here T; is the one-loop tadpole diagram in the basis of the mass eigenstates with the external
Higgs boson h;.

R Conditions

We once again want to use the neutralino and chargino sectors, as well as the Higgs sector, to
determine the remaining counterterms. However, in the chargino and neutralino sector the
phases ¢, ¢s, ¢» and ¢, appear on their own and not only in the combination

¢I:¢u+¢)\_2¢3_¢n
as they do in the Higgs sector. This can easily be seen in the mass matrices given in Eq.
and Eq. . Therefore, we will introduce the counterterms d¢,, d¢s, ¢ and d¢, explic-
itly. Furthermore, the additional counterterms dMj, dopr,, Mo and d¢y, are required for
the chargino and neutralino sectors. The field renormalization constants and tang are fixed
similarly to the renormalization scheme for the real Higgs sector. So, this leaves the coun-
terterms

SN, Ok, dvs, 0Ty, SMi, SMs, Sbu, 6s, S0, 0y, s, and S, (4.102)

to be fixed via renormalization conditions from the Higgs, chargino and neutralino sectors.

Field Renormalization Constants and tan(3

The field renormalization constants are once again fixed by DR conditions. The residuum of
the pole of the propagator is set to one by

— aihihi (p2)
fe (8192

With f]hihi (p?) as given in Eq. 1) this leads to the following five equations

5 azhihi (p2)
fe <8p2

with  0Z =R diag(cos’8 6Zu, +sinB 6Zp,, 6Zs, 6Zu,, 6Znu,, 6Zs) RT.

div
— 0. (4.103)

—m2
p? =mp,

div

+6Z| =0 i=1..5,
2 i (4.104)

pQth

This is a overdetermined set of equations, which yields a solution for 6Zy,, Zy, and 6 Z5.
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4. Renormalization and Calculation of the One-Loop Higgs Boson Masses

Chargino Sector

The chargino sector provides four renormalization conditions. When Eq. (4.20) is modified
for the 2 x 2 chargino mass matrix including complex parameters, it reads

(oM V1)

le 1 *
. =5 <’I7’int (Rezx,ixi (mxli)) +m, s Rezxixi (mxli)—k

(4.105)

div

with i = 1,2. Here M, = is the counterterm mass matrix for the charginos (see Appendix,
which is rotated to mass eigenstates with the matrices U and V. The self-energy of Xi going
to X is denoted by X X and m, is the tree-level mass of Xi Eq. (4.105) yields four

equations, since the real part and the imaginary part of the equations for the two mass
eigenstates have to be satisfied individually.

Neutralino Sector

The neutralino sector provides ten renormalization conditions. They are given by the real
and imaginary parts of the following five equations

(N* SMo NT)

div 1
. =3 <mX? (ReEX?X? (mx?)> + My Rex VR oW (mx?)+

(4.106)

div
*
+ ReZi? ?(mxo) <ReE>SC?X? (mxg)> )

with ¢ = 1...5. The counterterm mass matrix dM,o is rotated to mass eigenstates with the
matrix N. The tree-level mass of X? is denoted by M0 and X, 0,0 stands for the self-energy

of X? going to X?-

Higgs Sector

The Higgs Sector provides only five renormalization conditions. Of course there are five mass
eigenstates, so we can impose the five conditions

(R 5 Miiggs RT> e

1

=ReX{y (m},)  with  i=1.5. (4.107)

But in contrast to the chargino and neutralino sector these conditions are always real for the
Higgs sector and therefore only yield five equations.

Combining the Chargino, Neutralino and Higgs Sector Conditions

On the one hand we have altogether nineteen renormalization conditions form these sectors,
on the other hand we only need twelve to fix the remaining counterterms listed in Eq. .
Hence, we are dealing with an overdetermined system of equations. We solved this by first
taking a subset of twelve equations and then later on verifying that the remaining seven
equations were satisfied as well. Since the parameter 7T, only appears in the Higgs sector, we
need at least one condition from the Higgs sector. Furthermore, we chose all four conditions
of the chargino sector and seven of the neutralino conditions.
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4.9. Renormalization of the Complex Higgs Sector

4.9.1 Remark on the Counterterms of the Phases

After performing the numerical analysis, it turned out that the counterterms for the phases
0w, 0¢s, 0Py, 0@, O¢nr, and ¢y, were always zero. In other words: these counterterms are
not needed to renormalize the Higgs sector. These phases remain at their tree-level values
and can be interpreted as mixing parameters. Just like the rotation matrices introduced
to diagonalize the mass matrices these mixing parameters do not have to be renormalized?.
Hence, when going from the real NMSSM to the complex NMSSM only two more counterterms
are needed, namely d0t,, and dt,,. It remains to be seen whether a conclusive explanation for
this observation can be found.

In a similar conclusion for the neutralino and chargino sector of the MSSM is presented.
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CHAPTER b

Numerical Analysis

Finally, everything we need to proceed to the numerical analysis has been presented. In this
chapter some example scenarios will be analyzed. We will always fix all input parameters
except for one and then investigate the dependence of the tree-level and one-loop masses of
the neutral Higgs bosons on this parameter. First, we consider three scenarios for the Higgs
sector of the real NMSSM. For the real NMSSM we also apply the exclusion limits set by the
experimental data acquired at LEP, Tevatron and LHC. Then, we move on to the Higgs sector
of the complex NMSSM. On the one hand, the complex NMSSM allows for CP-violation in
the Higgs sector already at tree-level. On the other hand, CP-violation in the Higgs sector
can also be induced at one-loop level by setting a phase of a parameter that does not appear
in the Higgs sector but enters only in the higher order corrections. Both kinds of scenarios
will be discussed later on.

But before diving into the actual analysis, let us shortly summarize how the calculation was
performed, i.e. which programs were used, etc. The Feynman rules needed for the calcula-
tion of the self-energies were derived using the Mathematica package Sarah . Provided
with the particle content of any supersymmetric theory and the superpotential Sarah can
derive all mass matrices and all Feynman rules analytically. The Feynman rules can be writ-
ten to a Feynarts model file. The Feynman rules derived this way were cross-checked
against those given in and . Using the Feynarts and FormCalc packages, the
analytic self-energies required for the renormalization procedure could be calculated. Since
these analytic self-energies are very lengthy, they are not given here. To perform the nu-
merical evaluation a Mathematica program was written. Provided with the input values (see
Section it calculates the whole NMSSM spectrum, i.e. all particle masses and all mixing
matrices. Furthermore, the different renormalization schemes as described in Section and
Section and the procedures to determine the one-loop masses and mixing elements (see
Section and Section respectively Section and Section were implemented. The
program LoopTools was used to evaluate the loop functions appearing in the self-energies
numerically. In the end this resulted in a Mathematica program which, starting from some
input parameters, calculates the whole tree-level spectrum of the NMSSM, the one-loop Higgs
masses and the one-loop Higgs mixing matrices. The output is provided in SUSY Les Houches
Accord (SLHA) compliant form.
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5. Numerical Analysis

5.1 Input Parameters

To perform the numerical analysis we need to set all input parameters. First of all, there are
the SM input values such as the gauge boson masses, the quark masses, the lepton masses
and the electroweak and strong coupling constants. The SM input values were taken from
the “Review of Particle Physics” by the “Particle Data Group” . The SM input values are
given by:

e Electroweak Input Values

If the Fermi coupling constant G, the mass of the Z-boson Mz and the electromagnetic
coupling constant cem, are given', the W-boson mass My, and the electric charge e can
be inferred from those.

Gp =1.16637-107° GeV~2, My = 91.1876 GeV, Qem = 1/137.
= My =80.9388 GeV and e =0.302822.

Strong coupling constant
The strong coupling a; at the scale My is given by

as(Myz) =0.1184 = gy (My) = Arag = 1.21978.

Quark Masses
The quark masses are given by:

mi(pole) = 173.3 GeV,  miS(my) = 4.19 GeV,  m.(2GeV) = 1.27 GeV,
ms(2GeV) = 101 MeV,  m,(2GeV) = 2.5 MeV,  mg(2GeV) = 4.95 MeV.

For the top quark the pole mass is given. The bottom mass is given as the MS running
mass at the scale of the bottom mass. The masses of the light quarks are given at
the scale of 2 GeV. If not stated otherwise we use the pole masses for the top quark
and the bottom quark? and the masses for the light quarks as given above throughout
this thesis. Only when comparing our results to those of , we set the masses of
the light quarks to zero and calculate the running DR top and bottom masses at the
renormalization scale @ (for further details see Appendix |C).

Lepton Masses
The masses of the charged leptons are given by:

me = 511 keV , my, = 105.7 MeV, m,; = 1.777 GeV.

The neutrinos are taken to be massless. When comparing to the masses of the light
generations are set to zero, i.e. m, =0 and m, = 0.

All other input parameters cannot be linked directly to any observables. With the exception
of the mass of the charged Higgs boson, we take all other input values to be DR input values
at the renormalization scale ). To simplify matters even further, we assume a restricted
scenario, in which all soft breaking parameters can be calculated from the three parameters

'Here we follow the SLHA convention, which suggests these three parameters as input values from which the
other electroweak input values can be derived.
2The conversion of the MS bottom mass to the pole mass was done using SUSY-HIT , mp(pole) = 4.88 GeV.

50



5.2. Real Higgs Sector

Msusy, My and Ag. The parameter Mgusy is a common soft SUSY breaking mass parameter
which fixes all soft SUSY breaking mass parameters of the squarks and sleptons

2 _ 2 2 _ 2 _ 2
ap — M5 = mZL = méR = MSUSY (51)

2 _
mQL =m
The parameter M, determines the absolute value of the gaugino mass parameters

M1 = %Mo . ei¢Ml, MQ = %Mo . ei¢M2, M3 = 2M0 . ei¢M3. (52)

Their phases are denoted by ¢nr,, dar, and ¢pr,. The parameter Ay fixes the absolute values
of the trilinear breaking parameters Ty, , Ty, and Ty,

. 2
Ty, = Ao - Yy - el PAu with Y, = £ - diag (mu, M, mt>,

(%
; 2
Ty, = Ag- Yy~ el?44 with Y,= £ - diag (md, Mg, mb>, (5.3)
Ud
; 2
Ty, = Ap- Yo -i%%e  with Y, = V2 ~diag(me, M, mf).
Ud

Note that the Yukawa couplings are assumed to be diagonal. Hence, we do not allow for
generation mixing. The Yukawa couplings are determined by the squark and slepton masses
and the VEVs v, and vg. As discussed in Section the absolute values for six of the
Higgs sector parameters have to be provided. We choose to set tans, ||, |k|, |Th|, |Tx| and
|| as input values with |u| given by |u| = |\ vs/v/2. Furthermore, the four phases ¢y, ¢s,
¢ and ¢, are assigned values. Setting these phases automatically determines the phases ¢,
and ¢, up to an ambiguity which can be resolved by defining the sign of Ry and R, (see
Eq. ) Moreover, it is necessary to choose a renormalization scale (), which enters the
one-loop calculation due to the regularization procedure.

Hence, we need to assign numerical values to the following parameters in order to calculate
the one-loop masses at a specific parameter point:

the absolute values of the Higgs sector parameters tanf, A, |kl |Tx], [Tkl, |ul
the phases of the Higgs sector parameters Ou, Ds, Or, Gw, sgn Ry, sgn Ry
the absolute values of the soft breaking parameters Msusy, My, Ag

the phases of the soft breaking parameters OMy s OMay OMs, DAy, PA, DAL
the renormalization scale Q

In the following the values for the phases will only be stated explicitly if they are nonzero.

5.2 Real Higgs Sector

In this section the results of three different scenarios which exemplify some of the various
higher order effects are presented. First, we adopt the scenario presented in and analyze
the differences between the different renormalization schemes as well as the influence of the
top mass and the renormalization scale on the one-loop masses. Then, we adopt two more
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5. Numerical Analysis

scenarios. In the first we examine the dependence of the one-loop Higgs boson masses on 7.
In the second we investigate the dependence on the mass of the charged Higgs boson My« .
Finally, we apply LEP, Tevatron and LHC exclusion limits to these scenarios.

For all scenarios the VEV of the singlet vs is chosen to be of the order of the vacuum
expectation value v 246 GeV. Furthermore, to avoid violation of unitary bounds the
parameters A and k are nearly always chosen so that v A2 + k2 < 0.7.

~
~

To cross-check our calculation, the whole procedure to obtain the one-loop Higgs boson masses
in the NMSSM was also implemented independently by Thorben Graf [20]. Other scenarios
can be found in his diploma thesis. The results presented here for the real NMSSM can also
be found in [45].

5.2.1 Variation of A\

In the one-loop masses of the two lightest CP-even Higgs bosons of the real NMSSM
were calculated in dependence on A using a DR renormalization scheme. To verify that we
reproduce their results we adopt their parameter settings

tang = 2, k=M\/5,
MSUSY = 300 GeV,

Ty = (500 GeV) -\,  Tx= (=10 GeV)-k, =250 GeV
My =300 GeV,  Ag=—450 GeV, Q=300 GeV.

The parameter A is varied between 0 and 1. Furthermore, the masses of the light generations
of quarks and leptons are set to zero and we use the running DR top and bottom masses (see
Appendix |C) as input values. Here the DR scheme is considered as the main renormalization
scheme. Hence, T} is taken to be a DR input value at the renormalization scale (). Since the
mixed and on-shell renormalization schemes require the mass of the charged Higgs boson as
an input value instead of T, the input values need to be converted accordingly.
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Figure 5.1: The mass My, of the lightest (left) and the mass My, of the next-to-lightest (right)

CP-even Higgs boson in dependence on A at tree-level (orange/solid) and at one-loop in the DR
(blue/dotted), the mixed (red/dashed) and the on-shell (green/small dotted) renormalization scheme.

Fig. shows the masses of the lightest and next-to-lightest CP-even Higgs boson at tree-level
and at one-loop in the different renormalization schemes. The one-loop masses were obtained
using the iterative procedure described in Section We find agreement with for the
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5.2. Real Higgs Sector

one-loop masses. Both masses increase with A at tree-level and at one-loop. The difference in
the renormalization schemes is negligible except for small A. In fact, for small A the on-shell
renormalization scheme becomes unstable and is therefore only plotted for A > 0.1. This
numerical instability is probably due to the finite parts of some of the counterterms going
with 1/X which blow up for small A and cause a problem when converting the DR input
values to on-shell values for the on-shell scheme. For small values of A the mass of the lightest
CP-even Higgs boson My, receives corrections of up to 55% compared to the tree-level mass,
ie.

2o — e

M}{rlee

AMpy, = < 55%. (5.4)
For small A these corrections lift My, from ~ 55 GeV at tree-level to ~ 85 GeV at one-loop.
For bigger A, the correction relative to the tree-level mass of Hy is smaller but still about 15%.
For this parameter variation the tree-level mass of the next-to lightest CP-even Higgs boson
Mp, ranges from about 98 GeV to 162 GeV, whereas the one-loop mass ranges from 98 GeV
to 176 GeV. For small X\ the next-to-lightest Higgs boson mass Mp, is hardly corrected at
all, while the correction for larger values of X is up to 11%.
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Figure 5.2: The singlet component of the lightest (left) and next-to-lightest (right) CP-even Higgs
boson at tree-level (orange/solid) and at one-loop obtained using the p? = 0 approximation in the DR
(blue/dotted), the mixed (red/dashed) and the on-shell (green/small dotted) renormalization scheme.

This behavior can be explained when considering the singlet components of H; and Hy. The
singlet component is given by the square of the corresponding element of the mixing matrix,
i.e. by (Zm)%; and (Zp)3,, respectively. Here the mixing matrix was calculated using the
p? = 0 approximation to be consistent with the calculation of . The singlet component is
of interest because it is an indicator for the strengths with which the Higgs boson couples to
the other particles. By construction the singlet does not couple to the SM fermions or gauge
bosons at all. The coupling to all the other particles (i.e. sfermions, neutralinos, charginos and
Higgs bosons) is proportional to X\. Hence, if a Higgs boson is mostly singlet-like, it can only
receive corrections from these other particles and these corrections are roughly proportional
to A2, As can be seen in Fig. H, is mostly singlet like for small values of A\. Therefore,
it receives hardly any corrections. But as A increases the singlet component of Hy decreases
and with this the corrections increase. H; on the other hand is dominantly MSSM-like? for

3By MSSM-like we mean that it mainly consists of h, and hg, which originate from the Higgs doublets also
present in the MSSM.
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5. Numerical Analysis

small A and becomes more singlet-like with increasing A, so that the corrections get smaller.

The corrections to the Higgs boson masses and the strength of the singlet component strongly
depend on the top quark mass. To investigate this dependence, we calculated the one-loop
masses in the DR scheme, one time using the pole mass and another time using the running
mass as an input value. Fig. shows the tree-level and one-loop masses for the light-
est and next-to-lightest CP-even Higgs boson for the input values m} °l° —173.3 GeV and
mPR = 150.6 GeV. It is apparent that the corrections are larger for the larger value of the
top quark mass. In fact, the strong influence of the top quark mass on the one-loop masses

suggests that the main corrections originate from top loops just as in the MSSM.
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Figure 5.3: The mass My, of the lightest (left) and the mass My, of the next-to-lightest (right)
CP-even Higgs boson in dependence on A at tree-level (orange/solid) and at one-loop in the DR scheme
with the top and bottom pole masses (blue/dotted) and running top and bottom masses (red/dashed)
as input.

1 AR AR AR AR RARAE ARARE RARAL RAAAL AR RRARY 1 i Ca s e AL R AR AN RARAL RN AL RN
tree-level ) L
i L one-loop (pole mass ] L T ]
0.8 R one-loop (running mass) | 08 T
T 1 wgosf T ]
5 5
2 oat e ] S ooaf ]
02 T . 02b 7 tree-level ]
_______ ] -+ one-loop (pole mass)
________ ] ---== one-loop (running mass)
0 FERET LA | B i ATET R EFETETETE ST A SArAr ErATSArSl BT ArATar A O e b by by by by b by by ey
0 01 0.2 03 04 05 0.6 07 0.8 09 1 0 01 0.2 03 04 05 06 07 0.8 09 1
A A

Figure 5.4: The singlet component of the lightest (left) and next-to-lightest (right) CP-even Higgs
boson at tree-level (orange/solid) and at one-loop obtained using the p?> = 0 approximation in the
DR scheme with the top and bottom pole masses (blue/dotted) and running top and bottom masses
(red/dashed) as input.
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5.2. Real Higgs Sector

The strength of the singlet components of H; and Hj for the different top quark masses are
plotted in Fig. At tree-level Hy is mostly MSSM-like and Hs is mostly singlet-like for
small A\. For the running top mass this still holds true at one-loop. For the top pole mass,
however, this is reversed. In fact, this is simply due to our convention of ordering the one-loop
masses by ascending mass. For the top pole mass the one-loop corrections to H; are so large
that they get shifted above the one-loop corrections to Hs. So the one-loop corrected mass
to the tree-level H; is assigned to the one-loop H> and vice versa.

The influence of the renormalization scale ) on the results provides an estimate of the missing
higher order corrections. Fig. shows the masses of the lightest and next-to-lightest CP-
even Higgs boson at tree-level and at one-loop for the renormalization scales Q = 150 GeV,
Q = 300 GeV and @ = 600 GeV. Taking half or double of the renormalization scale Q) =
300 GeV changes the mass of the lightest CP-even Higgs boson up to ~ 7% relative to the
one-loop mass at 300 GeV, whereas the mass of the next-to-lightest CP-even Higgs boson is
only changed by about 3% at most. The mixing matrix elements (not plotted here) are even
more sensitive to the scale variation. But all in all, the residual theoretical uncertainties due
to missing higher order corrections are below 10%.
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Figure 5.5: The mass My, of the lightest (left) and the mass My, of the next-to-lightest (right) CP-
even Higgs boson in dependence on ) at tree-level (orange/solid) and at one-loop in the DR scheme for
the renormalization scales @ = 150 GeV (blue/dotted), @ = 300 GeV (red/dashed) and @ = 600 GeV
(green/small dotted).

The masses of the CP-odd Higgs bosons A; and As as well as the mass of the heavy CP-even
Higgs boson Hs are not plotted here, since they are hardly affected by the one-loop corrections.
The mass of the light CP-odd Higgs boson My, increases with A and ranges from 40 GeV to
140 GeV at tree-level. It receives small negative corrections which amount to 2% of the tree-
level value at their maximum. The light CP-odd Higgs boson is nearly completely singlet-like,
leaving the heavy CP-odd Higgs boson to be mainly MSSM-like. Both heavy Higgs bosons
Hj and Aj receive small negative mass corrections of the order of 0.5% and their one-loop
masses are between 580 GeV and 600 GeV.
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5. Numerical Analysis

5.2.2 Variation of T},

In this section the dependence of the Higgs boson masses and the mixing matrix elements on
the parameter T} is investigated. We choose the following parameter set:

tanfs = 2, A = 0.6, k=M\/3, Ty = 325 GeV, =275 GeV
Msysy = 1.1 TeV, My = 600 GeV, Ap = —900 GeV, Q = 300 GeV.

The soft breaking parameters My and Mgysy were chosen, so that the resulting squark masses
of the first two generations and the gluino mass are in agreement with the current exclusion
limits set by the LHC . Furthermore we work with the pole masses for the top and the
bottom quark mass and the masses for the light quarks as given in Section From these

input parameters we calculate the mass of the charged Higgs boson, which is then taken to
be an on-shell input value.
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Figure 5.6: The mass (left) and the singlet component (right) of the lightest (blue/dark gray) and
next-to-lightest (red/light gray) CP-even Higgs boson at tree-level (dashed) and at one-loop (solid)
in dependence on T,,. The one-loop masses were calculated in the mixed renormalization scheme and
the method for external on-shell Higgs bosons was used to calculate the one-loop mixing.

On the left of Fig. the masses of the lightest and next-to-lightest CP-even Higgs boson
are plotted at tree-level and at one-loop. The one-loop masses were calculated using the
mixed renormalization scheme. The singlet components plotted on the right of Fig. were
obtained using the method for external on-shell Higgs bosons to determine the mixing matrix
elements as described in Section But we also checked that the difference to the p? = 0
approximation is negligible here. It is striking that the mass of the lightest CP-even Higgs
boson steadily increases with increasing T, up to a certain value of T}, and then remains more
or less constant. The opposite happens for the mass of the next-to-lightest CP-even Higgs
boson, which starts out as a constant and then starts to increase at the same value of T}
from where on My, is constant. This behavior appears both at tree-level and at one-loop.
However, the value of T}, at which this happens is shifted. Once again, the singlet component
is the key to understanding this behavior. 7, was introduced as the trilinear soft SUSY
breaking parameter. It appears in the Lagrangian in the form

1
Loott = - .. — gTHSZ”. (5.5)
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5.2. Real Higgs Sector

Hence, only the masses of Higgs bosons with a sizeable singlet component dependent on 7.
At tree-level Hy is mostly singlet like below T, ~ —59 GeV, while Hy is mostly MSSM-like.
At T, =~ —59 GeV there is a cross-over and H; becomes MSSM-like whereas Hy becomes
singlet-like. As long as it is mainly singlet-like the mass of the corresponding Higgs boson
increases with increasing 7T, and if it is mainly MSSM-like the mass remains constant. At one-
loop the cross-over is shifted to T, ~ —48 GeV. The one-loop corrections are quite sizeable
especially for Mp,. At the low end of the 7, range the lightest CP-even Higgs boson is very
light (only about 18 GeV) but receives corrections of ~ 48 GeV.The corrections for My, are
not as large, but they still amount to 37% of the tree-level mass at their maximum.

The lightest CP-odd Higgs boson is mostly singlet-like and therefore its mass (not plotted
here) depends strongly on 7. Its mass decreases with rising 7}, from around 345 GeV down
to 110 GeV. The one-loop corrections to M4, are around 3 —7 GeV and negative. The heavy
Higgs bosons Hs and Ay are both dominantly MSSM-like. Hence, their masses are nearly
constant. Both masses are around 640 GeV in the considered T, range. The corrections to
the mass of the heavy Higgs bosons are only about 1 GeV.

5.2.3 Variation of Mg+

Now, we set all parameters except for T):

tanf = 2, A = 0.65, k=M\/3, T, = (—10 GeV) - &, =225 GeV
MSUSY =1.1 TeV, M() = 600 GeV, A(] = —900 GeV, Q =300 GeV.

With all other parameters fixed, varying T) is equivalent to varying the mass of the charged
Higgs boson, since M+ can be written as a function of T):

9 o 2\2 Ma, Vs
MHi (T)\) = MW [1 — GT <1 - F% + m \/§T,\ + AFL’US . (56)
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Figure 5.7: The mass (left) and the singlet component (right) of the lightest (blue/dark gray) and
next-to-lightest (red/light gray) CP-even Higgs boson at tree-level (dashed) and at one-loop (solid) in
dependence on Mg+ .The one-loop masses were calculated in the mixed renormalization scheme and
the method for external on-shell Higgs bosons was used to calculate the one-loop mixing.
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5. Numerical Analysis

The masses of the lightest and next-to-lightest CP-even Higgs boson as well as their singlet
components are shown in Fig. The one-loop masses were calculated using the mixed
renormalization scheme and we applied the method for external Higgs bosons to determine
the mixing matrix elements. Both at tree-level and at one-loop the mass of the lightest CP-
even Higgs boson first increases with My +, until it reaches a maximum somewhere between
Mpy+ =~ 515 GeV and Mg+ ~ 520 GeV and then decreases again. The mass of the next-
to-lightest CP-even Higgs boson decreases at first, displays a minimum and increases again.
For the entire Mg+ range Ho is mostly singlet-like. However, its singlet component becomes
maximal when Mpy, reaches its minimum and mixing with the non-singlet-components is
increased away from this minimum. Furthermore, the maximum in the singlet component of
M, becomes more pronounced at one-loop. But note that although its singlet component is
maximal, Hy is not completely singlet-like. Since Hj is more or less completely MSSM-like
at this point, the remaining singlet component is taken over by H3. Due to the fact that it
is mainly MSSM-like the corrections to the mass of H; are fairly large. This holds especially
for small tree-level masses of Hi, for which the one-loop corrections nearly triple the mass.
For Hs the one-loop mass corrections are between 5% and 7% of the corresponding tree-level
value.

The influence of the different renormalization schemes on the one-loop Higgs boson masses
is shown in Fig. The mixed and the on-shell renormalization scheme differ only slightly,
but My, in the DR scheme differs by up to 8 GeV from the other schemes. This difference
turned out to originate from the conversion of the input parameters; to be more precise from
the conversion of the tadpole parameters. In the DR scheme the tadpole parameters are
renormalized using DR conditions, but since they are on-shell input values, they have to be
converted. If one defines a renormalization scheme that uses DR conditions for all parameters
with the exception of the tadpole parameters, this difference we observed does not occur.
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Figure 5.8: The mass My, of the lightest (left) and the mass My, of the next-to-lightest (right)
CP-even Higgs boson in dependence on My= at tree-level (orange/solid) and at one-loop in the DR
(blue/dotted), the mixed (red/dashed) and the on-shell (green/small dotted) renormalization scheme.

In Fig. the masses of two CP-odd Higgs bosons at tree-level and at one-loop are displayed.
The mass of the light CP-odd Higgs boson M4, receives negative corrections of up to 6.5 GeV
which amount to 5% of the corresponding tree-level value. So the tree-level mass of A;
which ranges between 118.4 GeV and 125 GeV is corrected to a mass range of 116.5 GeV to
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Figure 5.9: The mass of the lightest M4, (left) and next-to-lightest M4, (right) CP-odd Higgs boson
at tree-level (blue/dashed) and at one-loop (red/solid).

119.2 GeV. The mass of the heavy CP-odd Higgs boson, which is nearly mass degenerate with
the heavy CP-even Higgs boson, ranges from 420 GeV to 620 GeV and receives corrections
of maximally 1.5 GeV.

5.2.4 Exclusion Limits

After discussing several example scenarios it is inevitable to check the exclusion limits set by
the experiments for these scenarios. Note that we do not perform a sophisticated analysis
here, but consider only the dominant channels. For LEP these are ete™ — ZH — bb and
ete”™ — ZH — vv. For the Tevatron we consider Higgs production via vector boson fusion
(VBF) or gluon-gluon fusion with the Higgs decaying into W~ W™ or 777" subsequently.
For the LHC we use combined exclusion limits, which set a limit on the cross-section relative
to the SM, o /oM.

The NLO SM cross sections and branching ratios required for the calculation were obtained
using HIGLU and HDECAY [48]. The NMSSM couplings and branching ratios were taken
from NMSSMHDECAY , which is a version of HDECAY modified for the NMSSM.

LEP exclusion ZH — bb:

A 95% CL upper limit on the normalized cross-section e™e~™ — ZH, assuming that the
Higgs exclusively decays into bb pairs, relative to the corresponding SM value is provided in
Table 14 (b) of [50]. Hence,
_ o(ZH) BR(bb)
QObS - W
is given. Qops is the observed upper bound on the cross-section o(ZH) times the branching
ratio of the Higgs decaying into a bb pair (denoted by BR(bb)) normalized to the SM cross-
section* o(ZH)SM. To check if a parameter point is excluded we have to calculate
_ o(ZH)NM BR (bb)™"M
Qmodel - O’(ZH)SM

(5.7)

= (93%,)” BR(0D)™. (5.8)

“The SM branching ratio BR(bb)*™ does not appear in the denominator since it is assumed to be one.
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Here the superscript NM stands for the NMSSM. The ratio of the NMSSM cross-section
o(ZH)™ and the SM cross-section is given by (ggng)Q which denotes the squared coupling
of the NMSSM Higgs boson to two Z-bosons normalized to the SM coupling.

If % > 1, the respective parameter point is excluded.

LEP exclusion ZH — ~~:

For this channel the 95% CL upper limit on cross-section times branching ratio for a Higgs
boson decaying into a photon pair relative to the SM is given in . Hence, provides

o(ZH) BR(17)
o(ZH)SM

Qobs = (5.9)

We calculate )
Qmodel = (QE%AHZ) BR("VY)NM . (510)

If % > 1, the respective parameter point is excluded.

Tevatron exclusion H - WW

The 95% CL upper limit on cross-section times branching ratio relative to the SM for a
Higgs boson produced in vector boson or gluon-gluon-fusion, which subsequently decays into
a W-boson pair is given in , ie.

(o(99) + o(VBF)) BRIWW)
o(g99)>™ + o(VBF)SM) BR(W W )SM~

Qobs = ( (511)

Hence we need to calculate

~ (o(g9)™ 4 o(VBF)NM) BR(WW)NM
Qruodel = (0(99)>™M + o(VBF)SM) BR(W W )SM

(5.12)

with
2 2
a(g9)™ = (95y,) -o(g9)™  and  o(VBF)™ = (gi\y,)” - o(VBF)™ . (5.13)

Here gg%[ denotes the coupling of the i-th Higgs boson of the NMSSM to the top quark

normalized to the SM coupling and g%l\{fv g, denotes the coupling of the i-th Higgs boson of
the NMSSM to the W boson normalized to the SM coupling. Note that we only included
the dominant contributions for the gluon-gluon-fusion cross-section. Since we always chose
small values for tanf the dominant contributions come from the top loops. The respective
parameter point is excluded if Qmodel is bigger than Qops.

Tevatron exclusion H — 71

DO and CDF provide limits on the cross-section times branching ratio for the H — 77
decay channel. So they give Qops as

Qobs = 0 BR(77). (5.14)

We have to calculate
Qumodel = oM BR(TT)NM (5.15)
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with the NMSSM cross-section given by
AN = (W) (cWH)™ + 0(ZH)™M + o (VBF)™ )+

- o (5.16)
+ (935.)" olg9)™™,

where gg%{ and g%}%v g, once again denote the NMSSM coupling of H; to the top quark and

to the W-boson, respectively, normalized to the SM coupling. If Quodel is bigger than Qgps
the parameter point is excluded.

LHC exclusion

For the LHC exclusion limits we refer to , wherein the results from Atlas and CMS are
combined to a 95% CL limit on o/c°™. We rescale 0/c°M to o/c™™ by multiplying with
oM /MM Tf the value obtained in this way is smaller than one the corresponding parameter
point is excluded. The total SM and NMSSM cross-sections necessary for the rescaling are
given by

oM =c(WH)™M + o(ZH)™ + o(VBF)™ + 5(gg)™™ + o (ttH)M
M = (W) (WH)™ + 0(ZH)™M + o (VBF)™ )+ (5.17)
2 —
+ (g1.)” o(tEH)™™ + o(g9)"M

with
2 2
a(99)™™ = o (99)iey (95n.)” +o(99)bor (9ppnr.) +

NM NM NM NM NM
+ (U(gg)total - U(gg)top - 0(gg)b0t) (gtin gbBHi)'

In contrast to Eq. , all contributions to the gluon-gluon-fusion cross-section are con-
sidered. On the one hand there are the contributions from top and from bottom loops, but
on the other hand there are also interference effect, which are taken into account in the last
term of o(gg)™™. The NMSSM couplings normalized to the SM coupling of H; to the top or
bottom quark are denoted by gg}\{{ and gi\%i. Furthermore, a(gg)mil denotes the total cross-
section of gg — H, whereas o(gg)NM

top and o(gg)iM denote the top and bottom contributions
to this cross-section.

The exclusion limits applied

Now, we can apply the exclusion limits to the one-loop results of our scenarios. It turns out
that part of the parameter range of the A\ and My+ variation has already been excluded by
LEP, more precisely by the channel ZH — bb. The exclusion limits for these scenarios are

shown in Fig. (compare to Fig. and Fig. 5.7).

For the X\ variation all parameter points at which the mass of the lightest Higgs boson is
smaller than 113 GeV (at one-loop) are excluded. This corresponds to the region A\ < 0.6.
The SM Higgs is already excluded for My < 114.4 GeV . But the fact that in our case this
limit is lowered is not surprising, since the NMSSM Higgs boson has a reduced H Z Z-coupling.

For the M+ variation the regions of My+ < 452 GeV (corresponds to My, < 112.5 GeV)
and My+ 2 585 GeV (corresponds to My, < 113.5 GeV) are excluded. Furthermore, the

~

maximal value of My, in the Myg+ variation is approximately 140.5 GeV, which is just below

61



5. Numerical Analysis

180 T T T T T 225 T T T T T T T T
------ H; tree-level
160 f —— H; one-loop 200
----- H> tree-level 175
— 140 f — = —
0 H> one-loop = 150
O 125
. 100 f_27 | e
e B T T
E 'f, ------- H1 tree-level "g
50 E —— H; one-loop 7
o5 - e H> tree-level '3
40 1 1 1 1 1 1 1 1 1 : O 1 1 I_ P{Q Onel_IOOpl 1 1
0 0.1 0.2 03 04 05 0.6 0.7 0.8 09 1 425 450 475 500 525 550 575 600
A Mpy+  [GeV]

Figure 5.10: Excluded parameter regions for the A (left) and My=+ (right) variation. The exclusion
limits were applied to the one-loop masses.

the newest LHC exclusion limits. But taking the uncertainties of the one-loop calculation and
the fact that our exclusion limits are only a rough estimate into account, part of the My+
region around Mg+ ~ 515 GeV might actually be excluded.

For all three scenarios the Tevatron results do not exclude any parameter points. In fact, for
the scenario of the T, variation the complete parameter range is not excluded yet by any of
the channels investigated here.

Moreover, we checked our exclusion limits against those obtained with HiggsBounds and
found complete agreement.

5.3 Complex Higgs Sector

When introducing complex parameters, CP-violation is introduced simultaneously. As dis-
cussed earlier, we can set any of the phases ¢, ¢s, O, dw, Pa., DAy PA,, OMy,> O, and Pir,
to a nonzero value. Depending on which of these phases we choose, different effects can be
observed in the tree-level and one-loop Higgs boson masses. For example setting the phase
@M, so that the soft SUSY breaking gluino mass parameter becomes complex has no effect
at all, neither on the tree-level Higgs boson masses nor on the one-loop Higgs boson masses.

That ¢, cannot have any effect on the tree-level masses is obvious, since it does not appear
in the tree-level mass matrices of the Higgs sector. That it does not affect the one-loop masses
can also be understood easily, since the one-loop corrections to the Higgs boson masses do not
include gluinos in the loop. Hence, choosing a complex M3 can only have an effect for two-
loop or even higher order Higgs masses. Following the same arguments it can be concluded
that choosing the other soft SUSY breaking gaugino mass parameters or the trilinear soft
SUSY sfermion breaking parameters complex by setting an appropriate phase ¢, (i = 1, 2)
or ¢a; (j = e,d,u), does not influence the tree-level Higgs boson masses but induces CP-
violation at one-loop order, since the neutralinos, charginos and sfermions contribute to the
one-loop corrections of the Higgs boson masses. This leaves the phases which appear in the
tree-level Higgs mass matrix ¢y, ¢s, ¢ and ¢,. Any of these can create CP-violation already
at tree-level.
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5.3. Complex Higgs Sector

In the following we will first discuss two scenarios within which CP-violation occurs already
at tree-level. The dependence of the tree-level and one-loop Higgs boson masses on the values
of the phases is investigated as well as the extent of the CP-violation. Then we have a closer
look at a scenario where CP-violation is induced at one-loop level.

5.3.1 CP-Violation at Tree-Level

In contrast to the MSSM, the NMSSM presents the possibility of CP-violation at tree-level.
In the MSSM the only phase in the Higgs sector is the relative phase of the Higgs doublets.
Due to the tadpole conditions this phase is forced to be a multiple of . Since the matrix
elements of the Higgs mass matrix which are responsible for the mixing of the CP-even and
CP-odd states are proportional to the sine of this phase, no mixing between the CP-even
and CP-odd states can occur at tree-level in the MSSM. A closer look at M,;, as given in
Eq. reveals that the matrix elements responsible for the mixing of the CP-even and
CP-odd states at tree-level in the NMSSM are all proportional to I o sin(¢;) which was
defined in Eq. . So at tree-level not the explicit individual values of the phases ¢, ¢s,
¢ and ¢, matter but only the phase combination

gbl = Qbu - 2¢s + ¢>\ - ¢/~t~ (5.18)

However, at one-loop the explicit values for the individual phases should make a differ-
ence, since these phases appear separately in the chargino and neutralino mass matrices,
see Eq. and Eq. (3.42). So for example changing ¢, and ¢, while keeping ¢ constant
has no effect on the tree-level masses of the Higgs bosons, but does have an effect on the
tree-level masses and couplings of the neutralinos and charginos which enter the calculation
of the one-loop Higgs boson masses. However, the effects in the one-loop Higgs boson masses
due to the changing neutralino and chargino tree-level masses and couplings are tiny.

In the following, two scenarios displaying CP-violation at tree-level will be investigated. In
the first scenario we start from a real parameter point and then vary the phase ¢, and discuss
the dependence of the Higgs boson masses on this phase. For the second scenario we pick a
different real starting point and then allow nonzero values for ¢,,.

Variation of ¢

To investigate the dependence of the Higgs boson masses on the phase ¢, we fix the other
parameters to

tanf =8, [\ =0.1, |k =0.05 |T\|=10 GeV, |Tx|=0.5GeV, |u|=100 GeV,
sgn Ry = +1, sgnR, = -1, Mgyusy = 1.1 TeV, My=600 GeV, Ay= 1000 GeV,
Q =300 GeV, ¢y =¢s=0¢x=0¢a =0¢u;, =0 fori=wu,d,eand j=1,2,3.

To be able to explain the resulting Higgs boson masses, it is helpful to consider two more
quantities. By setting the phase ¢, to a non-zero value we introduce CP-violation. Therefore
we cannot distinguish between CP-even and CP-odd Higgs mass eigenstates anymore. A
measure for the CP-violation, however is provided by the quantity

R%L + R, + RE. (5.19)
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Figure 5.11: The CP-even component of the Higgs bosons at one-loop (left) and the squared coupling
Z Z H; normalized to the corresponding SM coupling at one-loop (right) in dependence on ¢.

Where R;; is the (7,7) element of the mixing matrix. One can either consider the tree-level
quantities, in which case the mixing matrix is defined as the matrix that diagonalizes the
Higgs mass matrix (see Eq. (3.28)). Or one can consider the one-loop mixing matrix as
defined in Section The matrix element squared ”R?S is a measure for the strength of the
hq component. Correspondingly, R124 and R125 are a measure for the strength of the h, and
hs component. Without CP-violation the sum of the squares of these three matrix elements
is either 0 or 1, depending on whether the Higgs mass eigenstate is CP-odd or CP-even. So if
the “CP-even component” R% +R2, +R% deviates from 0 and 1 this is a sign for CP-violation.
In the special case of the real NMSSM we used the singlet component of the Higgs fields to
make a statement about their coupling strength to other particles. Here we will make use
of the coupling of the i-th Higgs boson to two Z-bosons normalized to the SM value. The
square of this normalized coupling will be denoted as |Czzy,|? in the following. It is given
by

2
|CzzH, ]2 = [cosﬁ Ris +sin8 Ria| . (5.20)

When we refer to the one-loop ZZ H; coupling, we actually mean the coupling as given above
but with the one-loop mixing matrix elements instead of the tree-level mixing matrix elements.
We did not calculate the loop corrections to this vertex. If |Czz Hi|2 = 1 the Higgs boson H;
couples to the Z-boson with the same strength as the SM-Higgs, if |CZZHi|2 < 1 H; has a
reduced coupling. The CP-even component and |Czzg,|? are plotted in Fig. and will be
discussed in the following.

The obtained Higgs boson masses at tree-level and at one-loop for this parameter choice are
shown in Fig. and Fig. Note that My, is not depicted explicitly, since it displays the
same behavior as My, and has always almost the same mass as My, (the biggest difference
in the two masses is less than 2 GeV). In this scenario all Higgs bosons are comparatively
light. The mass of the lightest one ranges between ~ 40 GeV and ~ 34 GeV both at tree-level
and at one-loop and decreases with increasing ¢). At the borders of the ¢, range, i.e. for
¢x» = 0 and ¢, = 7 the mass My, receives hardly any corrections. Its CP-even component
vanishes at these points, i.e. it is CP-odd, whereas for the ¢, values in between CP-violation®

5By CP-violation we mean the deviation of the CP-even component from zero in this case.
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Figure 5.12: The masses of the lightest and next-to-lightest Higgs boson, My, (left) and My, (right)
at tree-level (blue/dashed) and one-loop (red/solid) as a function of ¢y.
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Figure 5.13: The masses My, (left) and My, (right) at tree-level (blue/dashed) and one-loop
(red/solid) as a function of ¢y.

of maximally 0.5% occurs (see Fig. on the left) and the mass corrections amount to
2% of the tree-level value. Since Hj is mostly CP-odd its coupling to the Z-boson all but
vanishes (see Fig. on the right). The mass of the next-to-lightest Higgs boson My,
receives corrections of up to 27% of its tree-level mass, so that its one-loop mass ranges from
90 — 93 GeV. Hs is mostly CP-even (its CP-odd component is always less than 0.2%), but
nevertheless its coupling to the Z-boson is drastically reduced to only 9% — 15% of the SM
coupling. This is essential if one considers exclusion limits, since such a light Higgs boson
can only escape LEP exclusion if its Z-coupling is reduced. The Higgs boson Hj3 which is
mostly CP-even, however, couples with 84% — 91% of the strength of the SM coupling to the
Z-boson and is therefore the most interesting one for phenomenology, since it is the likeliest
to be discovered at the LHC. Its one-loop mass ranges from 131 GeV to 133 GeV and the
mass corrections are maximally 25 GeV.

The heaviest and next-to-heaviest Higgs bosons Hy and Hg cover a broader mass range from
200 GeV to 350 GeV. The mass corrections are tiny and are less than 2% of the tree-level
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5. Numerical Analysis

mass. Hy and Hj display the maximal CP-violation occurring in this scenario, which is up
to 2.3%. Hy is mainly CP-odd and Hj is mainly CP-even. Both have a tiny Z-coupling.

For the complex NMSSM the exclusion limits cannot yet be applied since the decays for the
Higgs bosons in the complex NMSSM are not yet implemented in the respective programs.
Nevertheless, the scenario discussed here seems plausible as the mass of the SM-like Higgs
boson is around 132 GeV. It is surely interesting since it exhibits a mass spectrum which
offers the possibility of the SM-like Higgs boson Hj3 decaying into the lightest one Hy. In
phenomenological discussions this additional decay channel has to be taken into account.

Variation of ¢,

In the following scenario we choose the parameter set

tanf =3, |\ =0.14, |k =0.07, |Tn| =70 GeV, |T,| =14 GeV, |u| =275 GeV,
sgn Ry =41, sgnR,=-1, Mguysy = 1.1 TeV, My=600 GeV, Ay=—-900 GeV,
Q =300 GeV, ¢s=¢x=¢x = da, = ¢u; =0 fori =wu,d,e and j=1,2,3,

and vary the phase ¢,,.

In Fig. the CP-even components of the Higgs fields and the normalized Z-coupling
squared for this scenario are plotted. For this parameter choice there is only one Higgs boson
with noteworthy Z-coupling, namely H;. The Higgs bosons Hi, Hy and Hs are mainly CP-
even whereas Hy and Hs are mainly CP-odd. At ¢, = 0 there is no CP-violation and Hj
is CP-even. With increasing ¢,, however, H; obtains a small CP-odd component and at
the same time its coupling to the Z-boson decreases slightly. At ¢, =~ 0.547 the CP-odd
component of H; is approximately 0.8%.
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Figure 5.14: The CP-even component of the Higgs bosons at one-loop (left) and the squared coupling
Z Z H; normalized to the corresponding SM coupling at one-loop (right) in dependence on ¢,.

The Higgs boson masses My, and My, are shown in Fig. while My, and My, are
depicted in Fig. Once again My, is not plotted, because it displays the same behavior
as Mp,. First of all, it is notable that the only Higgs boson that receives any major corrections
from tree-level to one-loop is the SM-like H;. For My, the mass corrections are positive and
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5.3. Complex Higgs Sector

can be up to 48 GeV and maximally 55% of the tree-level mass. For all the other Higgs boson
masses the corrections are always rather small. The absolute value of the mass corrections is
well under 1 GeV and thus less than 0.3% of the respective tree-level masses. The mass of
the lightest, i.e. the SM-like Higgs boson, decreases with increasing ¢,. At one-loop it ranges
between 110 GeV and 120 GeV. Therefore it seems likely that at least part of this parameter
space might already be excluded by the experiments. But at the same time this emphasizes
the importance of the one-loop corrections, as the tree-level mass of H; is surely below the
exclusion bounds. The mass of the next-to-lightest Higgs boson My, is around 221 GeV and
displays only a slight dependence on ¢,. The same holds for Mp.,, which is around 287 GeV.
The masses of the two heaviest Higgs bosons exhibit a stronger dependence on ¢, and range
between 655 GeV and 766 GeV. Qualitatively the dependence of the masses on the phase ¢y
is nearly the same at tree-level as at one-loop. Hence, the main dependence on ¢, already
enters in the tree-level mass, whereas varying ¢, does not have such a big effect on the size
of the loop corrections.
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Figure 5.15: The masses of the lightest and next-to-lightest Higgs boson, My, (left) and My, (right)
at tree-level (blue/dashed) and one-loop (red/solid) as a function of ¢,.
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Figure 5.16: The masses My, (left) and My, (right) at tree-level (blue/dashed) and one-loop

(red/solid) as a function of ¢,.
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5.3.2 CP-Violation Induced at One-Loop Level

To investigate CP-violation induced at one-loop level, we choose a scenario in which the phase
of the trilinear soft SUSY breaking parameter for the up-type squarks ¢4, is varied. Instead
we could also have varied ¢y, (i = 1,2) or ¢4, (j = e,d). But in the example scenarios
we considered for those, the effects achieved by varying the phases were marginal. Therefore
they will not be presented here.

Variation of ¢4,

We vary ¢4, and fix all other parameters to
tanf =10, |A|=0.1, |k|=0.05, |Th| =49.8 GeV, |Tx|=2.5GeV, |u|= 1000 GeV,

sgn Ry = —1, sgnR, =—-1, Mgysy =1.1 TeV, My=600GeV, Ag= 2000 GeV,
Q =300 GeV, ¢y =0¢s=0¢r=0¢x =04 =¢u, =0 fori=d,eand j=1,2,3.
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Figure 5.17: The CP-even component of the Higgs bosons at one-loop (left) and the squared coupling
Z Z H; normalized to the corresponding SM coupling at one-loop (right) in dependence on ¢4, .

In this scenario there are two Higgs bosons with a sizeable coupling to the Z-boson. Hs couples
to the Z-boson with ~ 65% of the strength of the SM coupling squared and Hj3 couples with
~ 35% of the strength of the SM coupling squared, whereas all other Higgs bosons posses
a vanishing Z-coupling (see Fig. on the right). Both Hy and Hj are mainly CP-even,
but the CP-odd component of Hy can be up to 0.8%, which is - although not very large, the
maximal CP-violation occurring in this scenario (see Fig. on the left).

Of course the tree-level masses of the Higgs bosons do not depend on ¢ 4,,. But they are plotted
nevertheless for reference. The masses of the lightest and next-to-lightest Higgs boson Mg,
and My, are shown in Fig. The lightest Higgs boson which is mainly CP-odd and
therefore has a vanishing coupling to the Z-boson has a tree-level mass of ~ 82 GeV which
receives corrections amounting to maximally 22% of the tree-level mass. This leads to a
one-loop mass slightly below 100 GeV. The mass of the next-to-lightest Higgs boson receives
corrections of ~ 34% of the tree-level mass value (M, ~ 99 GeV). Thus, its one-loop mass
ranges from 126 — 132 GeV and the one-loop corrections lift the Higgs mass above the LEP
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Figure 5.18: The masses of the lightest and next-to-lightest Higgs boson, My, (left) and My, (right)
at tree-level (blue/dashed) and one-loop (red/solid) as a function of ¢4, .

exclusion bounds, which of course need to be modified to account for the reduced Z-coupling.
Figure displays My, and My, as a function of ¢4,. The mass of H3 receives only small
corrections of less than 5%. The tree-level mass of My, ~ 143 GeV is shifted to 147—150 GeV
at one-loop. If Hs were the SM-Higgs, it would already be excluded by LHC data. But its
reduced coupling, both to the vector bosons and the quarks (not explicitly discussed here),
might actually save it from exclusion. Of course a thorough investigation of the exclusion
limits is inevitable and has to be performed sooner or later. The next-to-heaviest Higgs boson
H, has a tree-level mass of My, ~ 292 GeV, which receives corrections of less than 0.5%.
The mass of the heaviest Higgs boson is not plotted here. My, is approximately 987 GeV,
displays quasi no dependence on ¢4, and receives tiny corrections of less than 0.05%.
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Figure 5.19: The masses My, (left) and My, (right) at tree-level (blue/dashed) and one-loop
(red/solid) as a function of ¢4, .

Even though the phase ¢4, enters only in the one-loop corrections and not in the tree-level
mass, the one-loop masses clearly display a dependence on ¢4,. In fact, the one-loop masses
can be changed by several GeV by varying ¢4,
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CHAPTER 6

Summary and Conclusion

In this thesis the full one-loop calculation of the Higgs boson masses in the complex NMSSM
was presented. To this end, the Higgs sector of the NMSSM was firstly discussed at tree-level
and later on the full renormalization procedure of the Higgs sector necessary to obtain the
one-loop masses was described. This theoretical part was followed by the numerical analysis
conducted for some example scenarios.

Although, in contrast to the MSSM, the NMSSM allows for tree-level Higgs boson masses
above the mass of the Z-boson, our analysis shows that the inclusion of the one-loop correc-
tions to the Higgs boson masses is nevertheless crucial, since they lift the mass of the light
CP-even Higgs boson above the LEP limits. The one-loop corrections can be quite large,
especially for Higgs bosons with a small tree-level mass. For some parameter points they can
more than triple the tree-level mass. As our discussion of the exclusion limits provided by the
collider experiments proves, the NMSSM provides phenomenologically valid scenarios, which
should be taken into consideration in the Higgs searches, since they predict Higgs bosons with
different properties than those of the MSSM or the SM.

For the special case of the real NMSSM three different renormalization schemes were imple-
mented: a pure DR scheme to make contact to the calculations existing in the literature,
a scheme that mixes on-shell and DR renormalization conditions as well as a pure on-shell
scheme. For the example scenarios considered here the results obtained employing the dif-
ferent renormalization schemes differed by at most 10%. As an indication for the coupling
strength of the Higgs bosons to the other particles we considered the corresponding singlet
components. Since the coupling of the Higgs boson to the SM particles decreases with increas-
ing singlet component, a Higgs boson with a large singlet component can escape detection at
the collider experiments due to its reduced couplings, even if the SM Higgs boson of the same
mass is already excluded. Hence, the singlet component is a useful quantity, which allows
to draw conclusions about the properties of the respective Higgs boson. As the investigation
of the dependence on the top quark mass revealed, the main part of the corrections for the
light CP-even MSSM-like Higgs boson stems from the top sector. The variation of the renor-
malization scale, which enters the one-loop calculation, provides an estimate for the missing
higher order corrections, which are O(10%).
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6. Summary and Conclusion

For the more general case of the CP-violating NMSSM, i.e. the complex NMSSM, we found
that in comparison to the CP-conserving NMSSM only two more counterterms have to be
introduced to renormalize the Higgs sector. We showed that setting any of the phases ap-
pearing in the Higgs sector at tree-level leads to CP-violation at tree-level. As an indicator
for the strength of the CP-violation we used the CP-even component of the respective Higgs
boson. If CP is conserved the CP-even component of a Higgs boson can either be zero or
one. In the investigated example scenarios the maximal deviation of the CP-even component
from these two values was 2.3%. This mixing of the CP-even and CP-odd interaction eigen-
states to the one-loop mass eigenstates can reduce the couplings of the mass eigenstates to
the SM particles even further. In addition to CP-violation at tree-level, we also discussed
CP-violation induced at one-loop level. We found that even though these phases enter only
in the one-loop corrections and not in the tree-level Higgs boson masses their variation can
have an effect of several GeV on the resulting one-loop masses.

Altogether this thesis contributes to the effort of providing phenomenological predictions for
the Higgs sector of the complex NMSSM that might open a new perspective for the ongoing
Higgs search at the LHC. Calculating the one-loop masses is only a first step. To obtain
the full picture it will, amongst other things, be helpful to calculate the Higgs masses at
higher orders. In fact, for the real NMSSM the leading logarithmic O(ayas + apars) two-
loop corrections to the Higgs boson masses in the effective potential approach are discussed
in [44]. For the complex NMSSM the logarithmically enhanced two-loop effects employing
the renormalization-group improved approach are presented in [55]. Furthermore, it would be
desirable to have the one-loop corrected vertices involving Higgs bosons at our disposal. Once
all these different pieces are merged, we will be able to make phenomenological predictions
for the NMSSM Higgs bosons that will hopefully enable us to clearly distinguish the NMSSM
Higgs sector from the MSSM or SM Higgs sectors.
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APPENDIX A

The Supersymmetric Lagrangian

The Lagrangian of an arbitrary supersymmetric theory can be constructed once the particle
content, the gauge structure and the superpotential of the theory are provided. Let us assume
a theory which contains chiral supermultiplets formed by a scalar field ¢;, its superpartner
the Weyl-fermion 1; and an auxiliary field F;. The auxiliary field does not propagate and is
therefore no physical field. Its purpose is to close SUSY off-shell. When going on-shell F; can
be eliminated using the equations of motion for Fj. Furthermore there are gauge bosons Af,
the corresponding gaugino A® and an auxiliary field D® which can be grouped into a gauge
supermultiplet. A general scalar superpotential for such a theory would look like this:

1 .. 1 .
W= iﬂl]@ﬂsj + g/vjk@(ﬁj(f)k- (A1)
The supersymmetric Lagrangian is then given by

ESUSY = £chiral + Echiral,int + Egauge + Lyukawar (A2)

The individual parts of the Lagrangian read

Leniral = — (D))" (DH¢h;) — ip™ 5D yii + F™F;, (A.3a)
1 .. )
ﬁchiral,int = —§W”¢7;¢j + Wze + c.c, (Agb)
1 1
Conge = = F M —IXTFD, AT + DD, (A.3c)
@Mmz—WMwawv+XMwW@)+AWW@W- (A.3d)

Lechiral 18 of the same form as the free Lagrangian for the supersymmetric theory which is made
up of chiral supermultiplets only. However, here we wrote down the gauge invariant form.
Hence, the gauge interactions of the chiral supermultiplets have already been incorporated
by applying the covariant derivatives

D,ud)i = u(ﬁi + igAZ(Taqf))Z’ and D;ﬂ/}l = /Lwi + igAZ(Talf})i. (A4)
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A. The Supersymmetric Lagrangian

Here ¢ denotes the gauge coupling and T are the generators of the gauge group. The index
a denotes the adjoint representation. All other renormalizable interactions can be derived
from the superpotential and are given by Lepiralint With the abbreviations
. 0W W
W* = and WY = .
0 0¢i 0¢;
Using Lehiral and Lehiraling the equations of motion for F; can be derived. It turns out that
F; can be replaced by

(A.5)

2

W\ (A.6)

Fi=-W; and F"F, = 5,

)

The gauge field part of the supersymmetric Lagrangian is given by Lgauge. Here Fjj, is the
Yang-Mills field strength tensor

P, =0 A, — 0,A; — g fabcAZAﬁ with the structure constants f2. (A.7)

The covariant derivative of the gaugino fields is
D" = G A" — g fereAb e, (A.8)
Finally, the only interactions left, which are not forbidden by renormalizability or gauge

invariance are summarized in Lyykawa. Using Lgauge and Lyyiawa We can express the auxiliary

field D* via
D = —g(¢*T"9). (A.9)

The derivation presented here follows the approach presented in [10].
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APPENDIX B

Loop Functions

When calculating the one-loop self-energies and tadpole diagrams we always come across
integrals over the loop momentum. There is a formalism for the treatment of these integrals.
These methods were introduced by Passarino and Veltman , t’Hooft and Veltman and
Melrose . We stick to the conventions as used in LoopTools and in [59].

The following loop integrals are encountered when calculation one-loop corrections:

Ag(m?) = 1672Q*P / iéi;lD qz_niz — (B.1)
dP 1
Bo(p?,m?,m3) = 167T2Q4D/i(27T;]D (¢2 —m3 +ie)((q — p)2 — m3 + ie) (B:2)
B,(p*,mi,m3) = p,Bi(p?,mi,m3) =
dD
S E o e
By (p*,m3,m3) = guBoo(p®,mi,m3) + pupyBii(p®,mi,m3) =
D
S e e =

As mentioned in Section we use dimensional reduction to regularize the UV-divergences
of the loop integrals. Therefore, we calculate the integrals in general D dimensions instead
of in four dimensions. Here () denotes the renormalization scale, which has mass dimension
and needs to be introduced to ensure that the overall dimension of the integral remains the
same for any D. The infinitesimal imaginary part ic is needed to regulate the singularities of
the integrand. The loop integrals are classified according to the number of external legs in
the corresponding Feynman diagrams. The loop functions with one external leg are denoted
by A and those with two external legs are denoted by B. The indices 0, u and pv indicate
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B. Loop Functions

the Lorentz structure of the integrals. Instead of using B, and B, one can use the tensor
coefficients By, Byoo and B11. B is the coefficient of p,,, Bog is the coefficient of g, and B1;
is the coefficient of p,p,.

By performing the integral one obtains the following analytic expression for the scalar one-
point function Ag:
Ag(m?) = m? (A —1In m—Q + 1) with A= 2 vE + Indm. (B.5)
Q? 4—D

~vg denotes the Euler-Mascheroni constant, vy ~ 0.5772. It is apparent that A diverges for
D — 4.

The scalar two-point function By can be written as

2

Bo(p?,m, m3) = & —n 5 = fp(e4) = fp(e-) (B.6)
+ 2 _ 4 2 2 ¢
with fe(x) =In(1 —z) —xIn(1 — x—l) 1, vy = S \/8 2p]; (mi — ie)
and s =p? —m3+m3.

The tensor coefficients By, By and By1 can be expressed in terms of By and Ag:

By md) = 5[ Aa(md) = Ao(md) - (7 — md + mD oo, mi ). (BT)
Boo(p?, m2,m3) = 2(D1_1)[Ao(m§)+2m%Bo(p2,m%,m%)—|—

+ (= m3 +m?)Bu(p, mi, m3) + mi +m3 —p?/3], (B.3)
Butmmd) = gy [(D = 2)A0(m3) = 2miBo(s?, i md) +

= D(p? —m3 +md) Bi(p?,mi, m3) —mi —m3 +p?/3).  (BY)
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APPENDIX C

Running Top and Bottom Quark Masses

In the following the formulas needed to convert the input values for the top and bottom quark
mass into the running DR masses at the renormalization scale are presented.

Running Top Mass

As input value for the top quark mass we use the pole mass m; = 173.3 GeV.

1. The pole mass is converted into the running pole mass at the scale of the top pole mass
(i.e. @ = my). Therefore the gluon corrections, i.e. the corrections originating from
the diagram with a gluon and a top quark in the loop are included. This leads to the
running top mass

run,gluon ole luon
my Y (my) = mP%C + Am§

g2 (C.1)
with Am%luon = 6752777/15 Bl(m?707m§) B Bo(mgvovm?)]
T
To obtain this correction dimensional reduction was employed. Hence, the running mass
is the DR running mass.

2. Now, the running top mass which includes the gluon corrections is evolved from the
scale my; up to the renormalization scale ) by means of the SM renormalization group
equation. The renormalization group equation can be found e.g. in and reads

_1
run,gluon _____run,gluon . g (Q) o
my (Q) = my (mt) [as(mt)
(C.2)
_33—-2n
127

with  as(Q) = as(My)

= and 5o
1+ Boas(My) In (%)

Here n is the number of active quark flavors which is taken to be six.
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C. Running Top and Bottom Quark Masses

3.

Since in the scenario where we actually use the running mass we take the renormalization
scale @ to be equal to the SUSY scale, the gluino corrections are added at this scale.
By gluino corrections we mean, the corrections due to a gluino and a top squark in the
loop. So, finally we obtain the running DR top mass which includes both the gluon and
the gluino corrections at the renormalization scale Q:

m;un,gluino (Q) :miun,gluon (Q) + Amfluino
2

ith A gluino _ s
W1 my 1271_2

my [Bl(m%a m?]» ) + Bl(mtam2 m? )]+

+ mg sin(26;) [Bo(mt , m2 th ) — Bo(m?2, mf], mf )}] .

Here my is the gluino mass, m;, and m;, are the top squark masses and 60; is the rotation
angle form the mixing matrix of the squarks defined by:

t1\ [ cost; sin0; tr
<t2> <—sin9t~ cos;) \tr)" (C.3)

The formulas for the gluon and gluino corrections were calculated using FeynArts and
FormCalc but can also be found in the literature .

Running Bottom Mass

As input value for the bottom mass we take mlg/ls( p) = 4.19 GeV.

1.

This MS input value has to be converted into the DR input value. How this is done is
described in . The relevant formula is

S 1 29
mp(imy) = S (my) (1 ~ g 0s(my) - 72#5(7”'3)2)‘ (4
Using the renormalization group equation this can be evolved up to the renormalization
scale
wBg
mrun,gluon _ mrun,gluon my) - Oés(Q) ’ .5
Q) = N my) | (€5)

where a(Q) and [y are as given in Eq.

At the renormalization scale @) the gluino corrections are included. They are given by:

mzun,gluino (Q) :mzun,gluon (Q) + Amgluino

2

ith A gluinoz_ Js
s i 1272

mb[Bl(mg,mQ )+Bl(mb,m mg )}%—

+ mg sin(26;) [Bo(mb,m2 mg ) — Bo(mb,m2 mi )]]

Here mj; and mj, denote the bottom squark masses and 0 is defined by the mixing of

the bottom squarks ~ R
b1\ _ [ cosb; sin6; br,
<52> N <— sinf;  cos 95> <l~73> ’ (C.6)
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APPENDIX D

Counterterm Mass Matrix of the Higgs Sector

In this appendix the complete counterterm Higgs mass matrix, which one obtains after carry-
ing out the procedure as described in Section is presented. The matrix d Myjggs is given
in the basis of the interaction eigenstates after the separation of the Goldstone boson, i.e. the
basis is (a, as, hg, hy, hs). Note that the counterterm mass matrix is symmetric

o MHiggs

= 0MHiggs

ij

(D.1)

Jt

Hence, it is sufficient to state 15 elements of the counterterm matrix explicitly and the rest
follows from symmetry.

Here the complex parameters were written in terms of their absolute value and their phase.
In the NMSSM Higgs mass matrix only three phase combinations appear (see Eq. )

¢I :¢u - 2¢s + ¢A - ¢m
O1, =Pu + s + o1, and (D.2)
Qsl‘,i :3¢s + ng,;-

Moreover we used the abbreviations s, = sinz, ¢, = cosx and t, = tanx. Once again Oy
denotes the Weinberg angle.

2 2M€V
2N M 22 (1 - 57k )
_ 2 2 W 2
6MHiggS 1 == 5MHi + 6MZW + 5MW 62 Z — 1 +

4IN2 M2, 2 4|\ M2, s2
5z AAPMiys,, o ANMG s,

€

(D.3)

e? e?

22563 Mi oy, (2NPME 53, + €2 (M — M3))

6MHiggs i = dtanf +

e3v,
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D. Counterterm Mass Matrix of the Higgs Sector

5MHiggs

6MHiggs

3 3
Y <4|)‘|MV§/52559W B 3\/<L|MWUSC¢189W> B 5H3|>\|MWUSC¢IS€W+
e3v, e e
M3,
263MWM%1)339W

[sw (G\APMVQV (—=3M7, M3 + 2Myy, + M3) +
+ M3 (20 M7, + M3 M3 — 3MF M3 + M) )+

— 3e?|k||\MZvicy, (Mz —2My,) |+

M3
+5MZ73 7i
2e° M vs54y,

<62 (s2p (M7e — Mgy,) — 3|k||Avicy,) + 6])\|2MV2V32533W> +

My s
— duy g <e2 (3|51 A[v2co, + 525 (Mps — M) + 2!)\]2M%,32535W> +
S

Miy sy ( (31l I\, + 25 (M — M) - 6!>\!2Mv2v82/38(3w> +
3

3
c S My sogs
— 5t T)ﬁ — Stp, ?ﬁ +OME 7W655 bw
S S S

3|k[|N Mwvssgy, g,

+ 601

(D.4)

3 2
e €z | o "i||/\|vss¢1—¢1 2 2 2
=0ty — — 0t — —————2 4 25 (M7+ — My, t +
13 d 2Mwtgsg,, an5262 [e < tﬁctl?I)\ +2c5 ( H=* W) o1y

cs My,

+ANPEMiy s ey, | + MG e | — 4N PesMiysps, to, +
A 4e MZSOW

+e’ (t% (Il X[v2cg, + s2p (M — Mps)) — |/1|])\|v§s¢[) +

c
+ 526*2[32 e? (IKIIMU?% —tgr, (Kl[AWFcg, + s25 (M, — M?zi))) +
2 2
2 2 2 M2 cs (2M M) 2 2 2

+ 4|\ 65]\4‘,[/8539‘/‘/t(mX —0M W22 M289 or — 4|\ c/gMWsBsequgIA—i-

2 Av? M2, — M?.)) — |&||\|v? D.5
+e* (o5, (I8l[A[vieg, + s25 (M — Mppe)) — |6l[Avsg,co,, (D.5)

. 3
2

" = 5tadm — 5tanﬁ [4|)\| CBMW‘Sﬁsewt@bI +

+

e? (|KH>\|U§S¢I - t¢1>\ (|K||)“UEC¢I + 523 (MI%V - Ml%li)))
+ 5MZW [62 <t¢fx (K[| MvZes, + s25 (M, — M) — |f’v\|)\|vz~9¢1> +
+ (5Z

2
— 4\ PesMiyspsi, tor, 5 | 4N PesMiysasg, to, +
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¢ (JnllNe2s0, — tr, (BlIN02eo, + 52 (M, — M) |+
sg (2Mf, — M7) 2 2 2

— 5MI%V — 4|)\‘ cg My ssg. S, +
4@2M3VM%ngC¢,IA Wy

+ ¢ (Sor, (I8lIAWSeg, + 825 (Ml = M) = |wl|A ] (D-6)

€ 8o, \IRIAIVsCop T 528 w H* FlIAVsS¢rCor, :
|| [N M3 050 C%MWSQW ) s o
OMy; = OME VP01 L Stan———0 | — 4| M\|Peg M,
Higgs 15 Z 2€M§89W + anﬁegvstﬁc(bh ‘ ‘Cﬁ W$,389W8¢I>\+

te? (3% (1| Alv2co, + s25 (MB, — M21)) — |H|\Ayv§s@c%) n

+ dug e3p2 > | (|HH)“U§C¢I + s28 (MI%V - MI?Ii)) o 2|)\|2M%782683W +
S
MM M| M, M
+5¢III€H | My vsco, Soy +5/<;| | My vssey, S¢, +5}\|H! WUsSow Sor |
k|| A|vs (M2 —2M2,) s | M
oy WA OV =208 ) 0, WM Mwvasan o, 5, )
2eMw M7 sy, e VsSp
2Mywy sgsg,, ¢ 6 My sg,, te, C 2Myy shsg cs
OMuiggs| = —5thu—2WB Otay M; P P &hd%
22 evs evg eVs

M
+ (51:&11572641}2 { [4 (836% — S%Cﬂ) (MI%Ii — M‘%V) (3t¢lnt¢l)\ + 4) +
S
- 6|’£H)“U§C% <53¢1t¢1K + Co; <t¢>1,€t¢>1>\ - 2)) +
+ 3(2ym\|A\c¢,v§ ((tortor, —2) 3+ tor tor, ) +

€2+

+tor, (2 (M — M) s2tg;, — |8]|Al (5ca5 — 3) SmU?) >
+ 4|)\|2M%,83W (2 (856% — S%Cﬁ) (3t¢1&t¢1A + 4) — 3825t¢lﬁt¢l>\) }+

2 MéVSBCB 2 2
+ 5M2W — 15[K[A[sg, g, vs — 3[kl[Aleg, v (%zﬁ%g - 2) +

_|_

+ 26555 (M3 — M) (3tor, tor, +2) >e2 + 2\ M 525, (3o, Lo, +4)

5¢16’HH)“M3V358§WC,3 (Cm S¢p t 3C¢18¢1,i) MI%VS%BSgW
e2v?2

SM?
62%[& t oMy

2 528 2 2 2 tor, 2 2
+ 5MW7464M§02 {6 (2My, — M7) MZ? - [56 |Kl[Aleg,, so,vs+
S

Iy
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D. Counterterm Mass Matrix of the Higgs Sector

6MHiggs

6MHiggs

+ 59, (€8 (I8lI\e, 03 + (M — M=) sap) — 2\A* M s0ps3,,) |+

+ 4 [3€%|k| [Ny, M7 (M3 — 2M7,) v2 + <4M!2 (2Myy, — 3BMZ Mg, + My) Mg+

b

[4])\|MV2V32/383W+

+e?MZ (3Myy, — 2M 7 MY, — 2ME M3, + My M3) )m

3|)‘|M5[/52/353W (C¢IC¢IK - 38¢18¢1n) MI%V'S?ﬁSgW
oK 5 + oA T3
e?cy,, ety?

3t ot 3
[ + hs - 5T,€ Vs +
Vs Us \@C(ﬁ I

+ 3%k (c, — 3sg,tg;. ) v?] — Otq,

OV

* 2etv3

2 .2 2 2 2 2 2 2 2 2
[2MW89W6 (12C,Bt¢l,¢t¢l>\ SB (MW — MHi) — 2825 (MH:E — Mw) +

3
+ 3|k||A|s2st (c te, —4s >U2 + T.| (cs, — 3)viet+
| || ‘ 28%¢r1, \Cortor, o1 ) Us \@Cmm | n| ( DI, ) s

2274 4 2 2 2 M‘%ngﬁsgw
= SINPMib s, (650t 55 + 585 ) | + 02—
S

[eQ (15\/@||)\|s¢lt¢lnvz—l—
+ 3|K| |\ cg, v <t¢lnt¢l>\ - 2) — 2c853 (M?Ii - MI%V) (3t¢l,¢t¢l>\ + 2) )+

— 2|)‘|2MI%V‘92553W (375(;5]“ t(mA + 4) (D.8)

ot 3|k )\CgMWv SO, S
_ ad—étanBHHB s w¢1_5¢
23 Vs e e

[62 (8% (|6[|A[v3cy, + sop (M, — M7L)) +

3[R A Mwvssgsay, cs,
1 +

3992
e V5Chy,

3|k|| A M, vssgs
2 2 2 2 2 WYs5B85¢
- 4|"€H)‘USS¢IC¢1A> —4|A| CBMWSBSBWS%J —0M7z ZeMés;V t+
3lrl[Alvssgsg, (M7 — 2M,) 3|5| |\ Mwvssgsey sg,
¢ +62,
2eMw M7 sg,, e

75E3|A\va58539ws¢1 5
e e

— oM,

+

3|k Mwvssgsey, S¢,

(D.9)

ot cgMw s
— ad —|— 6tanﬁw
24 wslg 2e 'Ustﬁcd)j)\

[— 8IAes Miyspsg,, sor +

+e (28% (IslXvZes, + s25 (Miy — M) — |&|IA] (3e25 — 1) U?Smcqs])) +

[e2 <$¢I)\ (|/<;|\)\]v§c¢l + 593 (MI%V — M?{i)) — 4|/€H)\”U§S¢IC¢I)\> +
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6MHiggs

OMmi
iggs| .,

23|’€”)"65M{§VU85¢1 5Z€3|’€H)"65MWU559W8¢1+

2€M%89W e

— 4]A|205M§V3553W s¢1A] oM

3|k[|Alegus (M% - 2]ngV) Sor 5}{3‘)“CBMWU839WS¢I+
26MwM%89W (&
3|k|cs Mwvssey, s¢,
-4
. o1

— OM},

3|k|[Aleg My vscg, Soy,

— A (D.10)

e

20585M4
= 5M§64T4UgV e? (3|/~@|])\|s¢1v§ + g, (IRl Aleg,v3 + (M — M7.) 825)> +
Z7s
4|k|s9p52 54 M2 4])\|52 g S¢, M2,
—4|A|2cﬁM3Vsﬁsgwt%] + oA T
B GWMW 2 2 2 3 2 \ 2
+5tanﬁj 8|A["cg My sg,, S, S5 + €| [Kl[Alcg,, o, 05 (Beag +1) +
A
4c Sp MW
- by, (e + (0t 0 ) ) | - S0
S
253, Miy 2 2312 2.2 2 2 (72 2 2
+5ZeeVX7U§ 8|AI*ch My shs,, e, — €| —4ch (Mfe — Miy) ty,, s5+
8kl Alescs, 555, Miy
+ 6]1[| Alegss, viss + IHHAI%IS%%IAU?)] +0¢r ot

2 2
2 (MZ - QMW) 528 2 2 2
+ (SMW 64M2/U2 — 4|)\| CBMWS/BSHWtQﬁI)\_’_
Zvs

25t

Vs

+

—+

e2 (3|I€H)\‘S¢IU§ +tor, (|| Aeg,v2 + (MI%V - Méi) 593) )

51}5

V21T, | o1, viet + 4|7 MWSQQSGW%IQL

S

+2M2, 55553, (4|,€y|A\S¢,, 02—ty (IKlIAleg,v? + (Mfy — M) 525)) (D.11)
= 6tanﬁ [my Mfysg, +e* (Mpe — My, — M3)
SMZ 2|\2 My, 2| A2 M5,
1— 1
Ty [C% ( e2 M} e M3 o
2 4INPME, 52 59
— My~ [IMQ (4MB, — 2M3) + M3 | — 62— 20w
e= M7 e
4|)\\M3V5ﬁ39 e (c3g — 5eg) ec? s
SA——WB0w _ sp, ZS80 T OTB) gy PP M2 82 D.12
e? ha 8 Mw Sy, hu 2Mwy sgy, O =55 ( )
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D. Counterterm Mass Matrix of the Higgs Sector

2
CopC
O MHiggs "= —otanf 625 [sgw (ezM% — 2|)\\2M§V) + CQM]%[i] — (5M12_1ic,385+

5t 602 5t 68%

* o 2MW39W + ha 2MW39W +
22712 2

2|>\| MWSQ/BSGW

e2

+ oME,

2

358
02 [w? (2M7 — AMG,) + 2 M3

2|>\\MI%/52583W 2| A2 M,
Ve w AW

oA
+ 62M§

-1 —-9dZ

+ 5M§C,38/3 [ (D.13)

_ M,
35 4e3 My M} sg,, vs

6MHiggs

[035 (6\)\\2 (2Myy, — 3BMZ MG, + My) My, +
+ 2 M% (4Myy, — 2ME L M7, — 3MEZME, + M3 M32) )+
—cp <2 (2M3, — MZ) (3Myy — 3MZ MG, + 2e*MZv2) | A+

+ e? M3 (AMyy, — 2M 7 MY, — 3BMEMG, + My M3) )+

2cg My sg s2
— 2¢2|k|| |y, MEsgv? (M2 — 2ME)) ] - 5M12{i%+
S
M,

SM3
* 7 4e3 M 59, v

[e2 (ess (MBye — M) — 20l ey s307) M3+

+cp < (6Myy, — 6MZ My, + 42 MZv2) [ + e* (M, — M) M§> +

’KH)“MWSGWS@USsﬂ
I +

Aley, M
+6|A|2C35M5V53WM§] ~ g Mee MR 16 :
3
My s cgs
+ 5)\;27@0“/ [(22 (4 Meg — |Klc,55) v2 — 8|)\|05M§V5%33W + Oty i B—I—
S S
2
co My sg
— dtanf o5 = [e2 <255 (MZe — My + 2|02 + 35 (MEx — ME)) +
S

84
+ 8th, 2

s

+ |I€||)\|Cﬁ_¢IU§ + |IiH)\|Cﬁ+¢IU§> — 2|>‘|2MI%V (85 — 3835) S%W

My s,

+0vs 2e30?2

[e2 <03/3 (M3~ M) 4 e (M — A%+ ANPD) +

My sy,

_ 5z W 0w
e263'ng)5

2|n||wsﬁvz) + 8 Pes M B, O1APess My o, M +

+ cg ( (6Myy, — 6MZ My, + 4> Mzv2) [A? + e* (M, — M) M%) +
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+ €% (esp (Mps — M7,) — 2|k[|A|cg, s5v2) M%] (D.14)

S Miggs " —(5tan,8 lzm Mng +e* (M7 — My, — M3) | + C%5M§Ii—|—
4IN22 M2, 52 Vers
—mW Mg P (a0, — 2013) + 03| +
Z

O MHiggs A

N2MG, 1 N2ME 1 4[N G M, 53
A My ) | |2 v+ 4 oA BT W oy
e MZ 2

SM7 — =
oMz [c2’8 < e2My 2 e?

6658%(5thd e (5s5 + s33) Oth,

_ D.15
2Myy sgy, 8Myy sgy, ( )

C4
= 5% — M.

) S S

2MW5559Wcﬂ My s 9W ﬁ

+ dtanf

(2|I€H)\|C¢155’U +

ey (M — M) + 5 (<M + 08 + AR) )+

3
|Alco, Mw sgy, vscs 53¢
+ 5thd
e Vg

- 2|)\|2 (cg + 3c3p) M%ngW] — 0K +

M3,
4e3 My M} sg,, s

lezlﬁl\/\!(%—m + gy ) M7 (M7 — 2Myy) vit
+ 255 (2 (2M7, — M3) (3Myy — 3MZ My, + e Mzv2) |A]*+

+ 2 MZ (4Myy, — 2ME L M3, — 3MZMF, + M7 M2) +

+eap <6|/\|2 (2M3, — BMZMZ, + M%) M2+

+ e* M (4Myy — 2M 7 My, — 3MZ My, + M7 M) )) +
M}, 2 2 2 9
—HSMZW —e ”f\|)\|05—¢1M vi—e K[|\ egtpr MZus+

+ 254 <2 (3Myy, — BMZ M, + e*MZvl) AP + e (Mj, — Mps) M+

K| A Mw 8o, S, UsC
+5¢I| || A W S0 56, VsCB

— copM (Mfe — M) € + 6|A* My sj,,) )

e

My s,

—0A +

0 [8|)‘|C,%’M3V5553W + € (|rlcges, — 4[A|sp) v
S

My sg,,

O [ : <|"‘|I/\|(Cﬁ o0 - avon)0F — 255 (M — My + 2102+
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e arf - 308)) ) o, |+

_ 5z, Mwsow

oo o (05~ 25) 7+ O )+
7Us

+2 (3Myy, — 3MZ My, + > MZv2) |AP? + e (Mj, — M72) M%) +

- 62|/€H)\’ (65—951 + cﬂ+¢I)M%Ug] (D.16)

= —tanBW [(!mHM <c¢1 (4 — 2t¢lﬁt¢&> — 15s¢1t¢lﬁ) vich+
4 (Me = M) 5 (tor, tor, —4) & — 4( (M = M) 55 (tos, tor, —4) +
—~ M&Vsﬁt%t%)cﬁ + 2[k[| Al cg, ((t%t% —~ 2) 3+ t¢,ﬁt¢,k) vi+
- 1t (43 to, MZs + |k||A] (5egg — 11) s 1)2) )62+
5 ton, \4528t¢r, M= 28 61Us

+ 8|/\|205M§[18583W <<t¢>l,€t¢>1>\ — 4) C% — t¢1mt¢1/\ + S% (4 — tmﬁtm/\)) +

M, sgc
+ (SM%&W*BUB [62 < — 20585 <t¢lﬁt¢1A M%Ii — 2M§Ii + 2MI%V) +

+ |K[|Aleg, (tm,ﬁ% - 2) Vs + g, <325t¢1AM5V + 5\ff|!>\!8¢>ﬂ)§) >+

2MW S@W t‘i)l,g Cg

_ 2|/\|2M%1825$§W (t¢1mt¢1)\ — 4) ] — 6tad ou?
s

2MW8%89W05 5t 2MW5559WC% M‘%Vs%ﬁsgw
ev? fr ev?

A [2
+ 5 H* 621}2
s

5 2’&”)\‘]\4%,8585‘” (c¢>1N S¢r + 3c¢>18¢>1m) ]
(Z)I 2 +
e“cy;
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APPENDIX E

Chargino and Neutralino Counterterm Mass Matrices

In this appendix the counterterm mass matrices for the charginos and neutralinos are given.
The chargino mass matrix (see Eq. (3.46)) can be written in terms of the following parame-
ters: |Ms|, My, tang, ||, vs, drr,, dr, ¢u and ¢s. If one now introduces counterterms for
these parameters and expands the mass matrix around the counterterms, one obtains the
counterterm chargino mass matrix:

OMyz| =00y ePMa 4§y, | Mol €19M2 (E.1)
2 Sg 3 —idy s
OM, = b= léMW JaMy + otanf \/icBMW] e % i dg, (Mxi)12 , (E.2)
8
M|, =M NCIT StanB v2c3 M sg , (E.3)
Us Al el -
OMye|, = [6)\\/5 + 5%% €% +1 (0¢s +05) (M), - (E4)

Here (ij:)ij denotes the respective element of the chargino mass matrix. Also keep in mind
that 0\ and d My denote the counterterms to the absolute values |A| and |Ms|, whereas A and
My are complex (A = |\ e and My = | My e¥M2),

The neutralino mass matrix (see Eq. (3.42))) can be written in terms of the parameters |M],
|Ma|, My, Mz, tanf, e, ||, |k|, vs, drry, Pasys PN, Or, Pu and ¢s. After introducing countert-
erms for these parameters and expanding around these, we obtain the following counterterm
mass matrix:

OMyo| =0My e +i [My] e, (E.5)
M259 825
5 — (5M2, — 6M2) — L 4 stang P E0w 28 E.
Mol = (6Miy ?) 5 oot anf . : (E.6)
B 9 9 53 C%MWSOW —igy, :
5MXO 14 = (5MZ — 6MW) m + 5tanﬁT (6] —1 6¢u (MXO)14 y (E?)
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E. Chargino and Neutralino Counterterm Mass Matrices

OMiol  =0Ms M2 i | My| el9M2 | (E.8)
_sar2 %8 2
dM,0 ”s =6 My, Moy dtanf czMw sg (E.9)
_ 2 S8 3 —ighy s
5MXO 04 =| — 5MWM — 5tan,ﬁ CﬁMW] (§ Pu 1 5¢u (MXO)24’ (E].O)
[ Vg A ; .
SMol,, =| — A5 e % 1 (65 + 0¢n) (Myo) g+ (E.11)
[ As V2Ach My s
SMyo|  =|— (ch6ME — 2636 ME, + 6M7y) ———L—— — Stanf—0>F—— W
X° 35 (CW z ‘w w W) \/QGMWSQW np
ﬁMWs9W85 i6 .
+ (A5Z. — 6)) | e (0 + 602) (Myo), (E.12)
AC Aeg My sg S23
M| = — (chyoM% — 263, 6M2, + 6MP,) ———L—— 4 tanp W 0w=20
Xlys (o oMz = 2ty dMiy w) V2e My sg,, anf V2e
2¢cg M
£ (A6Ze — 6N) W +160x (Myo) s - (E.13)
SMyo| = V26Kvs + V26605 | €90 +1 (65 + 0¢) (Myo), (E.14)
= = = = == . E-l
Mo b dIMo . S Mo - Mo . Mo » 0 (E.15)
All other elements follow from the symmetry
5MX0 = 5MX0 N (E.16)
i Ji

(MXO)ij denotes the respective matrix element of the neutralino mass matrix.
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